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Abstract 

Atmospheric aerosols are ubiquitous in the atmosphere and have an impact on 

human health and atmospheric energy balance. Black carbon (BC) is the highly 

light-absorbing aerosol that affects climate warming by absorbing solar radiation, 

which is mainly produced by incomplete combustion of carbonaceous matter, 

including mobile sources, solid fuel burning and open biomass burning. The BC 

from solid fuel burning has been paid increased attention due to its strong 

emission at highly populated region, causing both climatic and health effect. Due 

to the changes in energy sources, biomass burning emissions have been globally 

identified to be a major source of the atmospheric aerosols. However, because of 

the complexity to characterise the emissions of biomass burning and the limitation 

of the previous instrumentation, the uncertainties of the BC properties and source 

apportionment for solid fuel burning still exist.  

This project provides the insights on investigating a variety of BC sources by 

three experiments. First, comparisons were made between source apportionment 

techniques to investigate the causes of the difference between different source 

apportionment techniques, using the data from a comprehensive suite of aerosol 

measurements and the outputs from various source apportionment studies 

obtained from the cooperated groups of the Clean Air for London (ClearfLo) 

project. Data from a single particle soot photometer (SP2), Aethalometer, the 

outputs of positive matrix factorisation (PMF) of organic aerosol mass spectra 

measured by a high-resolution aerosol mass spectrometer (HR-AMS) and 

chemical mass balance (CMB) were used in this study. The results presented here 

indicated that oxygenated organic aerosols (OOA) and the assumption of 

absorption Angstrom exponent (αwb) for wood burning have an effect on 

Aethalometer model, estimating the contribution of the biomass burning 

emissions to BC. In addition, it was found that the estimate of the carbonaceous 

matter contributed by wood burning derived by Aethalometer model in the 

previous studies were likely to be overestimated due to the attribution of the non-

biomass burning organic matter to the biomass burning emissions. 

Second, a cruise campaign was carried out along the Yangtze River (YR), where 

one of the most polluted regions in China. The first time continuous 

measurements of BC and gaseous pollutants over YR on the regional scale 
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indicated that the shipping emissions significantly contributed to air pollution 

during the highly polluted periods. BC with smaller mass median core diameter 

(MMD) of 120-180nm was found to be largely produced by the local sources, 

whereas a larger MMD of ~200nm was found for mixed sources from the regional 

transport. The consistency between the PM2.5 from the measurements on the river 

and the official monitoring sites in the coastal cities supported the inference that 

the YR basin was strongly affected by the regional pollution. 

Finally, laboratory experiments were conducted to characterise the solid fuel 

combustion emissions at source, using three commercial cookstoves with various 

solid fuels, which have been widely used in developing countries. The results 

provided a useful insight into interactions between BC and OM, which were 

parameterised according to modified combustion efficiency. In addition, the 

finding of the relationship between the OM fraction in PM1 and mixing state of 

BC can aid in assessment of the absorption enhancement of BC in models, where 

the BC source profile of solid fuel combustion emissions is not available. 

 In summary, these findings provide an in-depth understanding of BC emissions 

from a variety of sources in real world, which can underpin either the future 

research or the mitigation strategies.  
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Thesis overview 

In this thesis, the investigation of the characteristics of carbonaceous aerosols 

from combustion sources is provided by the field measurements in the UK and 

China, and the laboratory work. This thesis is structured following the journal 

format, which includes the results section comprising scientific papers. Chapter 1 

gives an overview of the aerosol properties, sources and the effects on human 

health and air quality. More importantly, it highlights the importance of studying 

carbonaceous aerosols, which provides the fundamental basis for this work. An 

overview of the aerosol community and air quality in the UK and China is aslo 

provided in this chapter. It emphasizes the current issues regarding black carbon 

(BC), which the UK and China are facing. Chapter 2 presents an overview of the 

current BC measurements and highlights the problem that this work aims to deal 

with. A review of the instruments utilised in this work is presented in Chapter 3, 

comprising the analysis techniques used to process dataset. A brief description of 

the source apportionment techniques is presented here as well, although only the 

outputs of these models are used in this study.  

Chapter 4 consists of three scientific papers. Paper I shows the comparison of 

the outputs from the different analysis techniques based on a suite of the 

comprehensive measurements in London. The components of the atmospheric 

particles affecting the measurement and estimation of the biomass burning 

emissions are investigated here. In Paper II, BC properties and gaseous pollutants 

over the Yangtze River are investigated during wintertime. The cruiser campaign 

is firstly to continuously measure the shipping emissions and the air pollution of 

the complex sources transported from the coastal cities along the river in order to 

investigate the characteristics of BC and infer the sources which may affect the air 

quality in this area on the regional scale. In Paper III, a laboratory-based 

experiment was conducted in order to investigate the primary emissions from 

solid fuel combustion at source. The interaction of BC and OM according to 

combustion efficiency was explored to provide a common metric for the 

atmospheric emission community. Finally, the implications of these findings and 

recommendations for future research are provided in Chapter 5. 
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Chapter 1 

Introduction 

1.1 Atmospheric Aerosols 

Aerosols are defined as suspensions of clusters of liquid or/and solid particles in a 

gaseous medium (Seinfeld and Pandis, 2006). Aerosols have been found to have a 

negative effect on climate change (Seinfeld and Pandis, 2012), air quality (Fuzzi 

et al., 2015), and particularly to human health (Pöschl, 2005). Thus, it is important 

to completely understand the physical and chemical properties of aerosols and 

with their processes in the atmosphere. The physical characteristics such as 

particle size, number and shape are required to enable the basic understanding of 

the role of aerosols in the atmosphere. The chemical compositions of aerosols are 

of importance as they determine the optical properties and different components 

present diverse effects on human health; moreover, aerosols are also classified by 

their chemical composition as organics or inorganics and have significantly 

different properties due to the complex chemical compositions. 

1.1.1 Aerosol effects  

Atmospheric aerosols are of central importance for atmospheric chemistry, 

physics, air quality, human health, and climate change; the effects of aerosols on 

the air quality, climate, and public health have been a concern for decades and 

have become an issue of political and global interest. The main impacts of aerosol 

pollution observed on air quality are the degradation of visibility (Watson, 2002) 

and harm to human health. Poor visibility caused by haze, consisting of fine 

particles and gaseous air pollution in the atmosphere, is not only an aesthetic 

problem but also a safety issue of traffic. Growing evidence of the correlation 

between adverse effects on human health and fine particulate matter (Chow et al., 

2006; Pope and Dockery, 2006; Ramgolam et al., 2009) is illustrated by the fact 

that ambient air pollution has been characterized as carcinogenic since December 

2013 by the International Agency for Research on Cancer (Loomis et al., 2013). 

However, the “aerosol cocktail effect”, directly linked to the complexity of the 

chemical composition and sources of the particulate phase, remains poorly 

understood. In addition, aerosols also play important roles in diverse chemical and 

physical processes in the atmosphere. The Earth’s climate, hydrological cycle and 
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various ecosystems are all known to be affected by atmospheric aerosols through 

changing the Earth’s radiative balance, the deposition of acids and toxins, and 

other species onto soils and into aquatic systems. As aerosol sources are not 

uniformly distributed geographically, the distribution of atmospheric aerosols is 

fairly inhomogeneous and so these aerosols have both global and regional effects 

on climate. The adverse effects of aerosols on visibility, air quality and human 

health are of principal concern in urban areas, particularly as both the emission 

rates of aerosols and the number of people exposed to urban pollution are likely to 

increase in the future. 

1.1.2 Aerosol Sources 

Aerosols, depending on their origins, are classified into natural or anthropogenic. 

Natural sources of aerosols include mineral dust, sea salt spray, volcanic eruptions 

and vegetation (Monks et al., 2009). Anthropogenic sources include traffic 

emissions, fuel combustion, industrial processes, biomass burning and cooking 

(Seinfeld and Pandis, 2006, Jimenez et al., 2009). Secondary aerosols are mainly 

formed by condensation in the atmosphere from chemical processes involving a 

set of the gaseous precursors (Fuzzi et al., 2006), such as sulphur dioxide (SO2) 

generated predominantly by solid fuel combustion, nitrogen oxides (NOx) 

generated by combustion of fossil fuel and ammonia (NH3) originating from 

synthetic fertilizers, which may react with other gases or materials, such as ozone 

(O3) and hydroxyl radical (·OH), forming secondary inorganic aerosols (SIA). In 

addition, secondary organic aerosols (SOA) are formed by the condensation of 

volatile organic compounds (VOCs) emitted by the biosphere (BVOCs) acting as 

both biogenic and anthropogenic sources. 

1.1.3 Particle Size 

In the atmosphere, aerosol particles span a very wide range of sizes from a few 

nanometres (nm) to tens of micrometres (μm), which can be roughly split into 

three groups: ultrafine particles, which have an aerodynamic diameter less than 

0.1 µm, fine particles, which have an aerodynamic diameter of less than 2.5 µm, 

and coarse particles with an aerodynamic diameter greater than 2.5 µm. Figure 1.1 

illustrates typical PM volume and number distribution according to size showing 

multimodal nature of the ambient aerosols. 
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Figure 1.1 Typical particulate number and volume distributions with the different particle 

sizes and modes (Seinfeld and Pandis, 2006). 

  In the volume distribution, particles in the accumulation (an aerodynamic 

diameter from around 0.1 to 2.5 µm) and coarse (an aerodynamic diameter greater 

than 2.5 µm) modes are dominating in the ambient aerosols (Seinfeld and Pandis, 

2006). Particles prevail in the accumulation mode as they are formed as a result of 

primary emissions and condensation of secondary aerosols, e.g. sulfates, nitrates 

and organics, from the gas phase. Moreover, coagulation of smaller particles also 

result in the formation of the accumulation mode particles. To increase the 

diameter of larger particles requires more mass so there is a limit to the growth of 

accumulation mode particles by either condensation of coagulation and this leads 

to a well characterised submicron mode. There are two overlapping sub-modes 

included in the accumulation mode: the condensation sub-mode particles which 

are formed as a result of the growth of smaller particles by coagulation and vapour 

condensation, and the droplet sub-mode particles are created by chemical 

reactions in cloud droplets and thus contribute to the accumulation mode particles 

(Heintzenberg et al., 2003). Particles in the accumulation mode are long-lived in 
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the atmosphere as the removal mechanisms are least efficient compared to coarse 

mode. Therefore, the lifetime of the accumulation mode particles is significantly 

longer than those in other modes. 

  The coarse mode particles originate mainly from mechanical processes such as 

the mechanism in the fragmentation of bulk materials or from sea spray (Seinfeld 

and Pandis, 2006). These particles contribute substantially to the total mass, 

although the number of such particles often presents a small value. Furthermore, 

the coarse mode particles are shorter-lived in the atmosphere, over a short 

timescale of a few hours to days, due to their size causing high sedimentation 

velocities. 

  Another view of the ambient aerosol distribution is obtained if one focuses on 

the number of particles (Figure 1.1, upper panel). While particles with diameters 

larger than 0.1 µm are the main contributors to the aerosol volume, they are 

negligible in number compared to those of the diameter smaller than 0.1 µm. Two 

modes dominate the aerosol number distribution - the nucleation mode where the 

diameters of particles are smaller than 10 nm and the Aitken mode where the 

diameters of the particles are between 10 and 100 nm. However, due to the small 

size, particles in the nucleation mode do not have an important contribution to 

volume, although they have a high contribution in number. 

  Particles in the nucleation mode are usually formed from gaseous species by 

nucleation depending on the atmospheric conditions. Most of the Aitken mode 

particles are formed as primary particles condensed subsequently by secondary 

species as they are transported through the atmosphere. They can also be formed 

as a result of the coagulation of nucleation mode particles. Mass of the nucleation 

mode particles are negligible, e.g. 100,000 particles cm-3 with a diameter equal to 

10 nm have a mass concentration of lower than 0.05 µg m-3 (Seinfeld and Pandis, 

2006), while the larger Aitken nuclei contribute to the mass distribution due to the 

formation of the accumulation mode. 

  Overall, particulate matter (PM) is categorised according to the aerodynamic 

diameter and can overlap to comprise a broad range of size distribution observed 

in the atmosphere. PM10 represents the particles with an aerodynamic diameter 

less than 10 µm, PM2.5 describes the particles with an aerodynamic diameter less 

than 2.5 µm and PM1 stands for those particles with an aerodynamic diameter less 
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than 1 µm. Although atmospheric PM pollution levels are generally determined 

based on the PM10 and PM2.5 (Pope and Dockery, 2006), PM1 particles have been 

increasingly pointed out that they account for a large fraction of PM2.5 (Liu et al., 

2004). It is therefore more effective to carry out the measurement of PM1 and 

investigate the characteristics of the aerosols. 

1.1.4 Aerosol Chemical Compositions 

Chemical composition of atmospheric aerosols is very complex and variable due 

to the various sources and transformations of their components. A recent overview 

indicated that atmospheric PM predominantly comprises nitrate, sulphate, 

ammonium, sea salt, mineral dust, organic compounds and black carbon (Monks 

et al., 2009). It is estimated that each of the chemical compounds typically 

contribute approximately 10-30% to the total mass loading depending on the 

locations, meteorological conditions, times and particle size fractions (Monks et 

al., 2009). The dominant components of the fine particles are inorganic aerosols, 

including nitrate, sulphate and ammonium, and carbonaceous aerosols, 

comprising organic species and black carbon.  

1.1.4.1 Inorganic aerosols  

Sulphate (SO4
2-), nitrate (NO3

-) and ammonium (NH4
+) are the main secondary 

inorganic aerosol components, which are formed from the oxidation of gaseous 

precursors, existing mainly as ammonium sulphate ((NH4)2SO4) and ammonium 

nitrate (NH4NO3) which are generated respectively by the neutralization of 

sulphuric acid (H2SO4) and nitric acid (HNO3) with ammonia (NH3) (Stockwell et 

al., 2003). The formation of sulphate aerosols is from both natural, such as the 

eruption of volcanoes and forest fires, and anthropogenic sources where sulphur 

dioxide (SO2) is the predominantly anthropogenic precursor of fossil fuel 

combustion and biomass burning emissions. The neutralization of H2SO4 

generally predominates over the neutralization of HNO3 (Seinfeld and Pandis, 

2006). However, the production of sulphate and/or nitrate aerosols strongly 

depends on certain factors of micro-meteorology and chemical, such as the 

ambient temperature, relative humidity, the amount of gaseous precursors, the 

concentrations of oxidants and the properties of pre-existing aerosols (Baek et al., 

2004, Pathak et al., 2009). 
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1.1.4.2 Carbonaceous aerosols 

The carbonaceous species of atmospheric aerosols, which include organic matter 

(OM) and black carbon (BC) or elemental carbon (EC), typically constitute a 

dominant fraction of the fine particle mass. BC is a primary aerosol emitted 

directly from incomplete combustion processes, such as fossil fuel and biomass 

burning. BC has been found to be the most strongly light-absorbing component of 

soot (e.g. Schwarz et al. (2008b)). The terminology in this field varies depending 

on the measurement methodologies used, where the definitions are based on 

optical properties, morphological discrepancies, sources and chemical 

composition. BC or EC is terms frequently used for the major light absorbing 

component of combustion aerosols while the most commonly used term is BC 

which is similar to soot carbon in terms of optical properties and composition 

(Andreae and Gelencsér, 2006).  

  OM, another component of the carbonaceous fraction (Quincey et al., 2009), is a 

complex mixture of numerous of carbon-containing compounds. Organic aerosols 

(OA) comprise substantial fraction (~20-90%) of submicron aerosol mass 

(Kanakidou et al., 2005, Zhang et al., 2007) and approximately 10-70% of the 

total dry fine particle mass respectively in the atmosphere (Turpin et al., 2000); 

they are composed of tens of thousands of compounds (Hamilton et al., 2004) 

with a wide range of properties such as oxidation state and volatility (Goldstein 

and Galbally, 2007), results in being challenging to analyse, particularly the 

discrepancies between different thermal-optical organic matter (OM) 

quantification and artificial removal techniques (Turpin et al., 2000, Kanakidou et 

al., 2005).  

  OA originate from both natural and anthropogenic sources and can be classified 

as primary OA (POA) emitted directly in particulate form typically by vehicular 

transport and solid fuel burning, and secondary OA (SOA), the dominant portion 

of organic aerosols, formed from the gas-phase oxidation of volatile organic 

compounds (VOCs) (Kanakidou et al., 2005, Shiraiwa et al., 2013). Nevertheless, 

the knowledge of organic aerosols’ composition, properties and sources in the 

atmosphere is still extremely limited, and the precursors of SOA have currently 

become a major research topic (Fuzzi et al., 2006). Moreover, Goldstein and 

Galbally (2007) inferred that 10,000-100,000 different organic species have been 

measured in the atmosphere. While these species may account for a small fraction 
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in the atmosphere, they may have potential negative effects on human health and 

air quality. 

1.1.4.3 Carbonaceous aerosols spatial concentrations 

The importance of understanding carbonaceous aerosols composition, sources and 

contribution to air pollution is due to that a large proportion of submicron 

particulate matter is composed of them (Kanakidou et al., 2005, Zhang et al., 

2007). Figure 1.2 shows the fractional composition of the non-refractory 

submicron particle mass from different studies at the various stations (Zhang et 

al., 2007). The average mass concentrations range from 2.6 µg m-3 at a rural site 

in Finland to 71 µg m-3 in an urban area in China. In most of the monitoring sites, 

OA contributed to a large fraction of PM1. Moreover, the chemical composition of 

aerosols varies greatly from place to place, and high mass concentrations of 

particles are generally present in urban cities. 

 

Figure 1.2 Average mass concentration of the non-refractory submicron particle mass 

(NR-PM1) at the various locations, reproduced from Zhang et al. (2007). Colours for the 

study locations indicate the type of sampling site. Urban areas (blue), <100 miles 

downwind of major cities (black), and rural/remote areas >100 miles downwind (pink). 

Pie chart colours indicate the average mass concentration of chemical composition, which 

are organics (green), sulphate (red), nitrate (blue), ammonium (orange), and chloride 

(purple), of NR-PM1.  

  In recent year, BC emission has increasingly received attention of people due to 

the evidence of its effect on human health (Smith et al., 2009), air quality and 

global climate (Ramanathan and Carmichael, 2008, Bond et al., 2013). However, 

there is no agreement on measuring methods that lead to high uncertainty of the 
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estimation of BC emission in the atmosphere. Moreover, the shortage of 

characterization studies on BC emissions from the various emission sources 

makes is even difficult to obtain accurate estimation of BC emissions in 

developing countries (Ni et al., 2014).  An observation in winter at an Beijing 

urban site in China showed that the average mass concentrations of rBC were 7.6 

µg m-3 and 0.4 µg m-3 on the polluted days and clean days, respectively (Wu et al., 

2017). A long-term measurement in an urban area in Shanghai showed an average 

BC mass concentration of 2.6 µg m-3 in 2013 and 2.1 µg m-3 in 2014. In Africa 

urban site, BC mass concentrations ranged from lower about 8 µg m-3 to higher 13 

µg m-3 due to regional transport of polluted air masses over West Africa 

(Doumbia et al., 2012). The sources of BC emissions vary with the lifestyle in 

different regions and the types of fuel used. Figure 1.3 illustrates the structure of 

the global BC emission sources. Mobile-related sources account for about 24% of 

the global BC emissions, and approximately 24% and 10% are related to 

residential emissions and industry and power generation, respectively.     

 

Figure 1.3 Global contribution of sources to BC emissions. Reprinted from Ni et al. 

(2014). 
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1.2 Air quality  

1.2.1 In the UK 

Air pollution in the UK has been considered to have negative effects on the 

ambient environment and public health for decades. In the UK, air pollution is a 

major cause of diseases such as lung disease, cardiovascular disease, respiratory 

disease, asthma, and stroke (Brook et al., 2004). As a consequence of the public’s 

increasing reliance for energy upon the burning of fossil and solid fuels 

throughout the Industrial Revolution, there were more and more occurrences of 

urban smog events. According to the historical records, particulate air pollution, 

black smoke, was first measured in the 1920s (Quincey, 2007); the first air quality 

network, UK Black Smoke Network was established. Owing to the infamous 

smog events in 1950s and 1960s, which finally precipitated public concern, the 

UK government introduced its first Clean Air Act in 1956 (https://uk-

air.defra.gov.uk/networks/brief-history). In 1961, the UK established the first 

coordinate national air pollution monitoring network, named the National Survey, 

which monitored BC and sulphur dioxide (SO2) throughout the UK and provided 

valuable datasets revealing the impacts of the Clear Air Acts (Bryner, 1993).  In 

2008, the manual black smoke samplers were replaced by Automatic Magee 

AE22 Aethalometer black carbon analysers to quantify the BC based on the 

transmission of light on a filter sample. The BC network comprised 14 sites 

making measurements in 2015 (Butterfield et al., 2016). 

  The monitoring data demonstrated that the legislation and the development of 

cleaner fuels successfully decreased the black smoke and sulphur dioxide 

concentrations. However, with the dramatic increase in road traffic, focus shifted 

progressively to the pollutants from vehicular emissions, including nitrogen 

dioxide, ozone and fine particulate matter. This led the UK to establish an 

automatic urban monitoring network in 1987, to monitor the emerging directive 

with EC limit values on air quality. In the coming years, the UK government 

expanded unban monitoring and improved the availability of air quality 

information for the population. In 1998, these separated UK urban and rural 

monitoring sites were combined to form the Automatic Urban and Rural Network 

(AURN), currently operating with 108 sites (DEFRA, 2017).   
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1.2.1.1 London    

The population of London was estimated to be 7.6 million in 2007 (Wroth and 

Wiles, 2009), whilst Greater London, including the surrounding areas has a 

population over 13 million, making it the largest megacity in the European Union. 

London has experienced substantial air quality problems mainly produced by 

anthropogenic sources. One of the worst air quality events, the great smog, 

happened in 1952, when in winter a cold weather outbreak combined with an 

anticyclone and low wind speeds led to optimal conditions for accumulation of 

pollutants particularly particulate matter and sulphur dioxide resulting in high 

concentrations of air pollutants. The main source of pollution was coal 

combustion due to heating in the cold weather which is estimated to cause 4000 

deaths (Brunekreef and Holgate, 2002). Smokeless fuel regulation and the 

consumption of cleaner energy from gas or liquid were legislated to improve this 

severe situation leading to a rapid decline in air pollutants in London through 

1960s and 1970s. However, a massive growth in road traffic was accompanied by 

this change in emissions, resulting in problems with emissions of other pollutants 

such as carbon monoxide (CO) and nitrogen oxides (NOx), which caused an 

occurrence of pollution episode in London in 1991 causing significant impacts on 

air quality (Harrison et al., 2012). Previous studies in London indicated that a 

large fraction of particulate matter arises from regional transport rather than from 

formation within London itself (Charron et al., 2007, Abdalmogith and Harrison, 

2006). Moreover, the impacts on formation of secondary inorganic aerosol (SIA) 

are uncertain due to the nonlinear correlation between SIA concentrations and the 

reduction in precursor emissions (AQEG, 2012). In winter, air quality in the 

London urban area is significantly influenced by solid fuel combustion, such as 

wood burning for residential heating (Allan et al., 2010). Despite stricter emission 

standards for particulate matter and precursors of secondary aerosols from various 

sources, concentrations of airborne particles have not significantly reduced in 

London as the processes of particle formation and transport from sources are still 

poorly understood (Harrison et al., 2008). 

  In the UK, the emissions of domestic wood burning has been systematically 

underestimated in the national inventory (Water, 2016), and it is therefore 

essential to properly quantify its contribution to the ambient environment. In 

addition to quantify BC concentrations, Aethalometers in cities in the UK measure 
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light absorption of the collected particles at two different wavelengths, which can 

be processed to quantify the particle matter from wood burning. However, there 

have been literatures indicating that non-BC absorbing particles can affect 

Aethalometer measurements to a certain extent (Wang et al., 2014a, Saleh et al., 

2013). Therefore, the need to better understand the contribution of sources to PM 

for environmental policies is essential.  

1.2.2 In China 

China has been and continuous to be a rapidly developing country and has 

suffered from severe air pollution, which has been a major issue, posing a great 

risk to public health. In China, during 2010, air pollution was found to be the 

fourth highest factor of deaths due to the inhalation of particulate matter (Wong, 

2013). It is estimated that air pollution contributes to 1.2 to 2 million deaths 

annually (Yang et al., 2013, Rohde and Muller, 2015). In 2012, Zhong Nanshan, 

the president of the China Medical Association, warned that air pollution would 

be the biggest health issue if the government was still reluctant to investigate and 

publicly disclose the medical consequences (Watts, 2012). In the same year, 

China adopted the Ambient Air Quality Standard (China, 2012) and developed a 

national Air Reporting System that currently comprises 945 sites in 190 cities. 

These automated stations report hourly data and focus on six pollutants: PM2.5, 

PM10, carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO2) and sulphur 

dioxide (SO2). Previous air pollution studies in regional scale generally relied on 

satellite data (Zhang et al., 2012) or modelling (Liu et al., 2010, Lei et al., 2011), 

but the high density of monitoring data from the ground in China now allows the 

regional patterns to be constructed. 

  China is the largest user of coal as a source of energy production in the world. 

China is the worst fossil fuel for local and global pollutant emissions (Benjamin 

2016). The origin of the poor air quality in China can be traced back to the 1950s 

following the Second World War, when China was making massive efforts to 

rapidly develop its economy and reconstruct the country. The poor air quality did 

not receive the attention of Chinese government until 1980s, when the population 

increased rapidly so did the level of air pollution. The debate of the environmental 

issues intensified in 1980s, as some people believed that sustained economic 

growth could not continue without considering the environmental impacts it has, 

while others believed that China should follow “pollute first and clean up later” 
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pattern (Edmonds, 1999). The first efforts dealing with ecological problems began 

around 1972 when the Republic of China sent a delegation to the First United 

Nation Conference on Human Environment in Stockholm (Edmonds, 1999). In 

1979, the government promulgated the Environmental Protection Law for trial 

implementation and the purpose of harmonious development. There has been 

stronger determination to deal with environmental problem, and the full 

Environmental Protection Law was adopted in 1989, although environmental 

policy was still held back by prioritization of economic growth. The upgrade from 

the National Environmental Protection Agency to the State Environmental 

Protection Administration (SEPA) in 1998 revealed an attempt by the government 

to put more efforts into environmental plans. In 2008, the SEPA was further 

changed to the Ministry of Environmental Protection (MEP) and set a goal to 

reduce 10% of the national SO2 emission level by 2005 (i.e. 18.0 Tg/year) 

compared to 2000 (20 Tg/year). 

  In 2013, measurements by the Beijing municipal government showed that the 

highest recorded level of PM2.5 was at nearly 1000 μg m-3. Based on the particle 

sampling, chemical analysis and source apportionment models, the primary 

sources of PM2.5 in China have been identified to be vehicle emissions, coal 

combustion and industrial sources (Zhang et al., 2012, Pui et al., 2014). 

  There has been sufficient evidence that exposure to air pollution is harmful to 

health in China. Although China has made immense amounts of progress in 

slowing down air pollution and preventing mortality from this pollution, it still 

faces the worst air pollution problems in the world (Kan et al., 2009). Air 

pollution in China is currently a major concern as the Chinese population accounts 

for nearly one-fourth of the world population.  

1.2.2.1 Yangtze River 

“Yangtze River (YR)” was actually the name of Chang Jiang for the lower part 

from Nanjing to the river mouth at Shanghai. However, due to the fact that 

Christian missionaries carried out their activities mainly in this area and were 

familiar with the name of this part of Chang Jiang, “Yangtze River” was used to 

represent the whole Chang Jiang in the English language. In modern Chinese, 

“Yangtze River” still stands for the lower part of Chang Jiang from Nanjing to the 

river mouth, but not the whole Chang Jiang.  
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  The YR, which is about 6,380 kilo-meter long, is the longest river in Asia and 

the third-longest worldwide. The river is also the longest in the world to flow 

entirely within one country. It accounts for one-fifth of the national area and its 

river basin is home to approximately one-third of the national population 

( quote="Today, the Yangtze region is home to more than 400 million people, or 

nearly one-third of China’s population. Some of China’s largest cities" [1]. 

Accessed 10 Sept 2010. (in Chinese)). The cities Shanghai, Nanjing and Wuhan 

all have populations in excess of 8 million people and many other cities still in 

development along the YR have populations of more than 1 million people 

making the region one of the most polluted in China (Fu et al., 2013). The YR 

plays an important role in connecting the inland with overseas shipping, which 

contributes to non-negligible impact on air quality in both the entire YR region 

and the East China (Fan et al., 2016, Zhang et al., 2017).   

  The prosperous area of the Yangtze River Delta (YRD) is a triangle-shaped 

metropolitan region comprising Shanghai, southern Jiangsu and northern Zhejiang 

provinces. It contributes over 20% of the total national gross domestic product 

(GDP) in 2007 (National Bureau of Statistics of China, 2008). This region lies in 

the heart of the Jiangnan region, where Yangtze River drains into the East China 

Sea. The population in the built-up urban area has been increasing to possibly be 

the largest adjacent metropolitan areas in the world. In 2013, it covered 99,600 

kilometers and was home to over 115 million people, including an estimated 83 

million in urban area ( "Yangtze (Yangzi, Changjiang) River Delta". China Today. 

Retrieved 27 March 2013).  

  During the past few years, the occurrence of the PM2.5 pollution events on a 

large scale in China has been increasingly frequent (Fu et al., 2008, Hu et al., 

2014). YR region has been experiencing serious air pollution and is subject of 

concern worldwide (Geng et al., 2009). To understand the transport and 

transformation processes of atmospheric pollution, and to evaluate the impacts of 

aerosol on climate and cloud formation, many studies have been conducted in 

eastern China (Lin et al., 2011, Huang et al., 2011, Huang et al., 2013, Ding et al., 

2013, Hua et al., 2015, Li et al., 2015a, Zhang et al., 2015). Nanjing, an important 

city and economic center of the YRD, is suffering from the severe air pollution 

associated with urbanization development. The source apportionment analysis of 

the VOCs showed that the contributors to air pollution in Nanjing consisted of 

https://www.worldwildlife.org/places/yangtze
https://www.worldwildlife.org/places/yangtze
http://www.cjw.gov.cn/index/river/liuyugk-3.asp?link=1
http://www.chinatoday.com/city/china_yangtze_river_delta.htm
https://en.wikipedia.org/wiki/China_Today
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automobile emission sources, combustion sources, industrial production sources 

and biogenic emission sources (An et al., 2014). The dominated primary sources 

of PM in Nanjing were mobile exhaust, coal combustion, biomass burning and 

construction dust (Chen et al., 2015). Joint field observations were conducted in 

Shanghai, Suzhou, Nanjing and Hangzhou to explore haze pollution in the YRD 

(Hua et al., 2015). Source apportionment indicated that the five cities had similar 

pollution sources of PM2.5 and the main contributors to PM2.5 are secondary 

pollutants and primary emissions from vehicles and biomass burning. A regional 

emission inventory developed for the input emissions data to a modelling system 

indicated that air quality in winter in YRD is generally worse than in summer (Li 

et al., 2011, Chen et al., 2017). In winter, the air pollution transport from Northern 

China to the YRD reinforces the pollution caused by local sources (Li et al., 

2011). In general, it was found that the occurrence of air pollution episodes 

depended on the synoptic patterns and anthropogenic emission intensity (Ji et al., 

2012). It has been evidenced that emissions of ships at ports or along the shipping 

route have impacts on the air quality on local, regional and global scale (Liu et al., 

2016). An extremely high PM2.5 pollution episode in the YRD was investigated, 

the results of which showed that the mitigation strategy of air pollution in this 

region should focus on the joint control of combustion emissions, mobile source 

emissions, industrial processing emissions and fugitive dust. It was also indicated 

that regional transport of air pollution was prominent, and the implementation of 

the joint prevention and control of air pollution on a regional scale will aid to 

mitigate PM2.5 concentrations under heavy pollution events significantly (Li et al., 

2015b).   

  The influence of air pollution from anthropogenic emissions on the YR region 

has increased over the past decade (Feng et al., 2009; Shen et al., 2014). There 

have been many observational studies focusing on air pollution and its influences 

on the YR region (Huang et al., 2012b, Li et al., 2015a, Chen et al., 2015, Chen et 

al., 2017, Ming et al., 2017). Previous studies mainly concentrated on a specific 

city as a whole, and few focused on the comparison between cities (Wang et al., 

2012; Fu et al., 2013; Song et al., 2015; Wang et al., 2015). However, the effects 

of the regional air pollution on the air quality in the YR regions have been 

increasingly frequent in recent years (Fu et al., 2008, Wang et al., 2015).  
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  In inland rivers, ship emissions have become one of the main anthropogenic 

sources of air pollution, with a large number of different kinds of diesel-powered 

offshore and sea-going vessels operating along waterways, differing in technical 

level and operation conditions. Recently, the impact of ship emissions on the 

atmospheric environment has attracted an increasingly level of attention (Liu et 

al., 2011; Zhao et al., 2013; Ye et al., 2014). However, there are very few studies 

sampling when cruising on rivers to investigate the impacts of shipping emissions 

on the air quality in coastal cities, especially on the Yangtze River as one of the 

largest river in the world. It is imperative to conduct comprehensive 

measurements when cruising on the river to better understand the impacts of the 

shipping emissions on the air pollution in the coastal cities.  

  BC has been recognized as the most important anthropogenic contributor of 

particulate matter to climate forcing only after CO2 (Bond et al., 2013, 

Ramanathan and Carmichael, 2008) due to its physicochemical properties. In the 

Yangtze River basin, a couple of studies (Huang et al., 2012a, Huang et al., 2013, 

Zhuang et al., 2014, Gong et al., 2016) have investigated BC particles in the 

coastal cities and provide valuable insight into the impact of BC on air pollution 

and human health on the local scale. As BC has lifetime in the atmosphere for 

several days, the effect of BC on climate depends crucially on its temporal and 

spatial variations. The measurements of BC on the regional scale in eastern China, 

where the sources of BC are complex, therefore are essential to assess the sources 

and characteristics of BC for formulating proper mitigation strategies of air 

pollution.   
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Chapter 2 

Recent studies of BC measurements and motivation 

2.1 Aethalometer and SP2 application 

Source apportionment is widely used to identify the possible sources of the 

atmospheric aerosols and their contributions to the particulate matter (PM). In 

addition to assessing the health effects and risks of the exposure to these pollution 

components, the scientific knowledge of the sources of the PM, the level of their 

contributions to PM mass, and associated health risks is required for the policy-

makers to develop and implement the strategies to control air pollutants and 

mitigate their effects on air quality. Thus, using more appropriate source 

apportionment methods under different conditions will lead to a more accurate 

estimation of the contributions of the specific sources to PM. 

  Aethalometer is a filter-based instrument, which collects PM2.5 particles on to a 

quartze tape, used to measure light attenuation through the sampled filter at 

different wavelengths. Aethalometers have been widely used to measure light 

absorption of the atmospheric aerosols at either two wavelengths (370 and 880 

nm) or seven wavelengths (370, 470, 520, 590, 660, 880 and 950 nm) and are 

used to estimate concentrations of BC using a conversion factor, the mass 

absorption coefficient (Quincey et al., 2009, Hyvärinen et al., 2011, Crilley et al., 

2015), which is highly variable depending on the source emissions, transportation, 

and the absorption efficiency and magnitude at different wavelengths (Bond and 

Bergstrom, 2006). It has been recognised that Aethalometer are affected by 

multiple scattering by the filter fibres and light-absorbing particles accumulating 

in the filter (shadowing effect), with corrections being proposed and widely 

applied to overcome this problem (Weingartner et al., 2003, Collaud Coen et al., 

2010, Drinovec et al., 2015). A source apportionment model, often called the 

Aethalometer model, was introduced and applied to estimate the contributions of 

traffic and wood burning emissions to carbonaceous matter concentrations 

(Sandradewi et al., 2008a, Sandradewi et al., 2008b, Harrison et al., 2012, 

Harrison et al., 2013, Favez et al., 2010). In these studies, traffic and wood 

burning emissions were considered as the main sources of the particles in winter 

and accounted for the most contribution of the Aethalometer measurements at 
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wavelengths of 470 and 950 nm.  In addition, the model was not only used to 

apportion the contributions of the traffic and wood burning emissions to PM but 

also the BC, which are BCtra and BCwb (Favez et al.,2010; Herich et al., 2011; 

Crilley et al., 2015). However, these studies were mainly based on the filter-based 

techniques measuring bulk aerosol absorption rather than direct BC mass 

concentrations. As there is no agreement on the measurement methods of BC with 

a specific definition, Petzold et al. (2013) and Lack et al. (2014) presented a 

recommended terminology to clarify the terms and the measurement techniques 

for BC in atmospheric research. In the scientific literature, the SP2 has been 

increasingly recognised as an appropriate instrument for characterising refractory 

BC–containing particles (Schwarz et al., 2006), and there have been more and 

more studies investigating the physical properties of rBC using the SP2, which 

can provide continuously high-resolve size and mixing state information for 

individual rBC-containing particles over a range of mass concentration (Stephens 

et al., 2003, Schwarz et al., 2008a). Comparison between the Aethalometer and 

SP2, therefore, was made and indicated that non-rBC absorbing particles, referred 

to as brown carbon (BrC), have a significant effect on the Aethalometer 

measurements in the sampling area (Wang et al., 2014a). Saleh et al. (2013) found 

that both primary organic aerosol (POA) emitted directly by solid fuels 

combustion and secondary organic aerosol (SOA) produced by photochemical 

aging processes comprise brown carbon, and exhibit the properties of light 

absorption at different wavelengths to a significant extent. Besides, there are also 

studies indicating that the BrC is mainly produced from biomass burning/biofuel 

combustion (Washenfelder et al., 2015) and also generated from the photo-

oxidation of anthropogenic and biogenic volatile organic compounds (VOCs) 

(Ervens et al., 2011). Liu et al. (2014) found a discrepancy between the attribution 

by the SP2 and Aethalometer methods in winter when the air mass was easterly 

and mostly influenced by solid fuel sources. In this study, it was found that the 

BCsf (BC contributed by solid fuel combustion attributed by SP2) correlated better 

with SFOAtotal (OM contributed by solid fuel combustion attributed by AMS-

PMF) but not with Aethalometer attribution, indicating that the absorption 

Angstrom exponent (α) for the contributions of the solid fuel was not 

correspondingly high.  
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2.2 In the Yangtze River region 

Severe air pollution in China has been of great concern, especially carbonaceous 

aerosols, since these are one of the major pollutants. (Wang and Hao, 2012; Zhang 

et al., 2012). Moreover, China has been considered as one of the major regions 

contributing to the BC particles in the world, approximately 30% of BC emissions 

of the global anthropogenic sources (Bond et al., 2004). The Yangtze River region 

in eastern China, a basin of one of the longest rivers in the world, is suffering the 

highest particle concentrations and most pollution episodes resulting from the 

contributions of various sources, i.e. traffic, power generation plant, biomass 

burning, industry and non-road transportation. (Fu et al., 2013, Wang et al., 

2014b, Wang et al., 2016, Xu et al., 2016). In general, air quality in winter in 

YRD is worse than in summer (Chen et al., 2017; Ming et al., 2017) due to the 

transport of the pollution caused by considerable local emissions from Northern 

China to the YRD (Li e t al., 2011). 

  Solid fuel combustion has been found to be an important source largely 

contributing to the air pollution in YRD (Cheng et al., 2014). The results in this 

study suggested that the impact of the biomass burning is regional, due to the 

substantial transport of air pollution between the provinces. Gong et al. (2016) 

investigated the physical properties of rBC in urban Shanghai during a regional air 

pollution episode in winter using a SP2. The rBC particles contributed by biomass 

burning had a larger core size and thicker coating compared to those from traffic. 

Continuous measurements of BC and related gases were conducted in urban 

Nanjing in 2012 (Zhuang et al., 2014). It was suggested that the high levels of BC 

concentrations mainly resulted from local and regional emissions, and the 

dominating BC sources were likely to be bio-fuel, industry-coal and vehicle-

gasoline combustions. Huang et al. (2013) characterised the PM1 during the 

summer and winter campaigns at a suburban site in Jiaxing in the central YRD 

using a HR-ToF-AMS and a SP2. The results showed that the BC fraction in PM1 

was much higher in winter than in summer, and both of them were significantly 

higher than that in urban Shanghai (Huang et al., 2012), which implied that 

combustion sources, e.g. biomass burning and coal combustion, played an 

important role in winter and in suburban areas in YRD.   
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2.3 Cookstove emissions 

In addition to the open burning of biomass and the solid fuel combustion required 

for the supply of industrial energy, household cookstoves consuming solid fuel 

contribute approximately 20-25% of globally anthropogenic BC emissions 

(Garland et al., 2017). Approximately 41% of households in the world, about 2.8 

billion people, rely on solid fuels to deliver the energy of cooking and heating 

(Amegah and Jaakkola, 2016). For the year 2012, exposure to household air 

pollution from cooking resulted in approximately 4.3 million premature deaths 

worldwide (WHO, 2014).  

  Policies aiming to reduce the BC emissions from cookstove have attracted great 

attention owing to their potential impacts on both climate and human health 

(Janssen et al., 2012, Grahame et al., 2014, Venkataraman et al., 2010, Anenberg 

et al., 2013). In addition to the impacts of the BC particles on climate forcing, the 

co-emitted OM also affects the optical properties of emitted BC particles when the 

components are internally mixed (Liu et al., 2015, Saliba et al., 2016, Flato et al., 

2013). There is a high variability in the chemical composition of solid fuel 

combustion emissions from the cookstoves depending on the fuel type, source 

loading and burning condition (Venkataraman et al., 2010, Pettersson et al., 2011, 

Vicente et al., 2015, Nyström et al., 2017), and a large number of studies have 

investigated the performance of different varieties of cookstoves and fuels widely 

used in developing countries. For instance, Kar et al. (2012) studied the BC 

emissions from one traditional and four improved cookstoves and indicated that 

the BC concentrations varied significantly for repeated combustion cycles with 

same stove, emphasizing the inherent uncertainties in cookstove performance. Just 

et al. (2013) compared the ultrafine particulate emissions from a traditional 

cookstove to those from two improved cookstoves. The results showed that the 

improved cookstoves produced less OC but uniform EC compared to the 

traditional cookstove. There is a large effect on emissions caused by even a small 

alteration in the way which a fuel burns, making it difficult to study the 

composition of particles from biomass burning mechanically. Haslett et al. (2018) 

conducted several burns with small wood samples in a highly constrained 

combustion environment to address this gap. The study showed remarkable 

repeatability of the results, allowing the variations of particulate emissions to be 

clearly observed according to different burning phases. 
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  There have been many previous studies characterising the BC and OM of solid 

fuel combustion; however, the source profile of BC from solid fuel burning is still 

lacking (Nielsen et al., 2017, Martinsson et al., 2015). While the absorption 

enhancement of BC particles is determined by the mixing state of BC and non-BC 

materials in a BC-containing particle (Flato et al., 2013, Liu et al., 2015, Saliba et 

al., 2016, Liu et al., 2017), this is still uncertain, particularly for the emissions of 

solid fuel combustion, and is currently mostly simplified in models (Koch et al., 

2009, Reddington et al., 2013).  

2.4 Motivation 
Atmospheric aerosols are ubiquitous on Earth and a large proportion of them are 

produced by anthropogenic combustion sources. These aerosols have been found 

to affect human health and air quality. In recent years, black carbon (BC) 

particles, emitted from incomplete combustion of fossil fuel and biomass, have 

been of great concern owing to their significant impacts on human health and 

climate forcing. However, due to the limitation of the measurement techniques, 

the past studies mostly used the filter-based techniques, which were often 

incapable of capturing the details of the BC properties. An Aethalometer, a filter-

based instrument, has been widely used to perform on-line measurements of the 

light absorption of the fine particles, and further to convert to the BC loadings by 

applying the BC mass absorption cross section, which can be affected by the 

compositions of the atmospheric aerosols. This method is currently employed by 

the Department for Environment, Food and Rural Affairs (DEFRA) across the UK 

Black Carbon Network. Recently, a state of the art instrument, Single Particle 

Soot Photometer (SP2), has been used to directly measure the mass concentration 

of the rBC, which can also provide the core size and mixing state of the BC 

particles. In order to obtain more accurate attribution of BC particles, it is 

essential to understand the factors resulting in the differences between the 

attributions of BC from both instruments/technologies. This study has a unique 

opportunity to apply the comprehensive data to determine the factors and 

provided the parameters, which can be used as references for future studies to 

estimate the mass loadings and source contribution of the BC, where such a 

comprehensive suite of aerosol measurements may not be available. 

  The contribution of BC emissions in China to the global anthropogenic 

emissions has been considerable, and the sources of BC are complex, especially in 
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the Yangtze River regions in eastern China with a large population, where the 

emissions of industry, biomass burning and power generation plant are massive. 

In the last decade, there have been studies indicating that the air quality in these 

areas has been increasingly affected by regional transport. However, most of the 

studies were confined in individual cities, which could not systematically provide 

the characteristics of BC over a regional scale. To have an insight into the 

properties of BC in the regions of eastern China and thereby underpin the 

constitution of mitigation strategies, a cruise campaign with continuously on-line 

measurements of the BC and related gases was carried out on the Yangtze River.  

  In addition to being important in the ambient environment, the characteristics of 

BC of primary emissions from solid fuel combustion at sources are also critical, 

especially for the climate models, as the BC size and mixing state at source, which 

are the initialized inputs determining the subsequent aging process, is a 

fundamental basis for any model to estimate its atmospheric lifetime. Many global 

models currently assume the same size and mixing state of BC for all type of solid 

fuel sources. Although some models could incorporate realistic source profiles, 

the BC profiles of solid fuel at sources are scarce. In order to better estimate the 

impacts of BC particles on the climate, this study implemented a series of 

experiments of solid fuel combustion using different commercial cookstoves, and 

investigated the composition and mixing state of carbonaceous aerosols. 
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Chapter 3 

Instrumentation and data analysis techniques 

3.1 Aerosol Mass Spectrometer (AMS) 

The Aerodyne Aerosol Mass Spectrometer (AMS) has been designed and 

developed by Aerodyne Research, Inc. It combines a unique aerodynamic lens 

inlet focusing particles into a narrow beam, aerodynamic sizing area, high vacuum 

thermal vaporization, electron impact ionization and mass spectrometer (Jayne et 

al., 2000, Allan et al., 2003, Jimenez et al., 2003, Canagaratna et al., 2007). The 

AMS on-line instrument can quantitatively measure size-resolved mass loadings 

and chemical composition of non-refractory submicron particulate matter (PM1) 

with high time resolution based on the standard configuration of operation, which 

has demonstrated its capability in a wide range of environmental studies (Jayne et 

al., 2000, Canagaratna et al., 2007). The AMS with a Quadrupole mass 

spectrometer (Q-AMS) was the earliest version, which was developed to provide 

ensemble data of the measured aerosols. However, an advancement in the 

development of AMS has been introduced that improves the sensitivity and time 

resolution of measurements. There are three main versions of the AMS developed 

predominantly depending on the different type of mass spectrometer employed, 

which are the Quadruple AMS (Q-AMS) (Jayne et al., 2000), the compact Time-

of-Flight AMS (cToF-AMS) (Drewnick et al., 2005) and the high-resolution 

Time-of-Flight AMS (HR-ToF-AMS) (DeCarlo et al., 2006). Despite the different 

mass spectrometers used in these versions of AMS, the fundamental principle of 

measurement remains the same. The following will describe the design and 

operation of the AMS commonly used for all three versions. Moreover, as the data 

used in this work were measured by the cToF-AMS, the technical aspects of the 

version and the techniques for the data analysis will be described in details. 

3.1.1 Instrument description and operation 

The AMS has three main sections as illustrated in Figure 3.1: the particle beam 

generation, the aerodynamic sizing, and the particle composition, where the mass 

spectrometer is located so that the particle composition can be determined. 
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Figure 3.1 Schematic of the Q-AMS, demonstrating the three main sections of the AMS 

Reprinted from Canagaratna et al. (2007). 

In the particle beam generation section of the AMS, submicron particles are 

sampled from the atmosphere by the particle inlet into the AMS through the 

aerodynamic lens, where the narrow particle beam is formed and subsequently 

transmitted into the detection region. A critical orifice with a diameter of 100 µm 

or 120 µm is typically used, resulting in a flow rate of 1.5 cm3 s-1 or 2 cm3 s-1, 

respectively (Allan et al., 2003). The orifice also reduces the ambient atmospheric 

pressure to approximately 267 Pa. An aerodynamic lens system   focuses the 

sampled air into a narrow beam through a series of apertures of progressively 

smaller diameters (Liu et al., 1995). A combination of the passage through each 

aperture and entering the differentially pumped vacuum chamber upon exiting the 

aerodynamic lens system results in the divergence of gas phase molecules. The 

majority of the gaseous composition in the beam is removed by a skimmer cone 

before entering the particle sizing region. Consequently, the sampled particles 

have formed a narrow and collimated particle beam, which is enriched by a factor 

of approximately 107 compared to the air sampled at the entrance of the inlet. 

However, the gas phase material still dominates the mass of the beam rather than 

particulate matter. 

  Computational fluid dynamic simulations of the inlet system have shown that 

particles with aerodynamic diameters between 70 nm and 500 nm can be 

transmitted to the detection system with 100% efficiency (Jayne et al., 2000, 

Zhang et al., 2002, Zhang et al., 2004). Furthermore, particles in the ranges of 30-

70 nm and 500-2500 nm have shown significant transmission efficiency, while 

particles smaller than the size cut-off are lost because of following the gas 

streamlines in the lens system. Larger particles are lost as a result of deposition on 

the walls of the apertures in the lens system. The transmission efficiencies have 

been based on a priori assumption that the particles are spherical or near-
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spherical. However, highly non-spherical particles and long chain agglomerates 

such as BC have been known to be inefficiently focused by the lens system (Liu et 

al., 1995). It has been shown that the transmission efficiency for the particles with 

aerodynamic diameters of 1 µm is approximately 50% in the AMS (Canagaratna 

et al., 2007). 

  After exiting the aerodynamic lens system, the particle beam enters the 

aerodynamic sizing section of the AMS, which is a vacuum chamber comprising a 

mechanical chopper. The chopper wheel contains two radial slits and rotates at a 

rate of 100-150 Hz to modulate the particle beam via being operated in one of the 

three modes. The chopper in the ‘open’ position allows particles to pass through 

freely to the detection region, whereas in the ‘blocked’ position it completely 

blocks the particle beam for the background measurements. The chopped position, 

which is related to the detection of the particle size, is used to measure the time at 

which a particle travel from the chopper to the end of the chamber. Upon exiting 

the aerodynamic lens, the particle beam travels into the vacuum chamber, where 

particles with a smaller aerodynamic diameter have a greater velocity than those 

with a larger diameter. 

  When the particles enter the particle composition section of the AMS, non-

refractory components are flash vaporized on impact upon a resistively heated 

porous tungsten surface (～600°C) under high vacuum and ionized via electron 

impact at 70 eV before the determination of particle composition by the mass 

spectrometer shown as Figure 3.2. This thermal vaporization method limits the 

AMS to detection of non-refractory components including organic matter, and 

major inorganics like (NH4)2SO4, NH4NO3 and NH4Cl. A Soot Particle AMS (SP-

AMS) (Onasch et al., 2012) has been developed that has the ability to measure the 

refractory components like black carbon, using laser-based vaporization. 
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Figure 3.2 Schematic of the detection scheme in the AMS (Canagaratna et al., 2007). 

  The AMS alternates between two modes during operation: the Mass Spectrum 

(MS) and Particle Time-of-Flight (PToF) modes (Jimenez et al., 2003). In the MS 

mode of operation, the chopper alternates between the open and blocked 

positions. An ensemble average mass spectrum of the both particle and gas 

species is obtained by subtracting the average background mass spectrum 

acquired when the chopper is in the blocked position from the average spectrum 

acquired when the chopper is in the open position. This can therefore remove any 

contribution from background gases in the detector. As a result of the ensemble 

average mass spectra obtained, the ambient mass concentrations of chemical 

species can be derived. The process of data processing is presented in the Section 

3.1.3. 

  The mass spectra of air samples at any particular m/z can be contributed by 

different ions. Furthermore, due to the strong electron ionisation resulting in 

fragmentation, the particles tend to present as their constituent ions, making the 

AMS analysis challenging. A fragmentation table, containing some of the key ion 

fragments and their corresponding molecular mass used to aerosol species from 

AMS mass spectra, was developed to improve the AMS data analysis (Allan et al., 

2004). The fragmentation table can be user-defined by the AMS analysis toolkit, 

with the availability of being updated or edited depending on the need of the case 

study. Table 1 shows the key ion fragments for the identification of the aerosol 

species, where the particles are typically detected in the atmospheric environment. 
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Table 1. Main ion fragments used to identify organic and inorganic aerosols species in 

AMS mass spectra. Reproduced from (Canagaratna et al. 2007). 

Group Molecule/Species Ion Fragments Mass Fragments 

Water H2O H2O+, HO+, O+ 18, 17, 16 

Ammonium NH3 NH3
+, NH2

+, NH+ 17, 16, 15 

Nitrate NO3 HNO3
+, NO2

+, NO+ 63, 46, 30 

Sulphate H2SO4 H2SO4
+, HSO3

+, 

SO3
+, SO2

+, SO+ 

98, 81, 80, 64, 48 

Organic 

(oxygenated) 

CnHmOy H2O+, CO+, CO2
+, 

H3C2O+, HCO2
+, 

CnHm
+ 

18, 28, 44, 43, 45, 

…. 

Organic 

(Hydrocarbon) 

CnHm CnHm
+ 27, 29, 41, 43, 55, 

57, 69, 71, … 

  In the PToF mode operation, the mass spectrometer is set to one of several 

mass/charge ratios (m/z) programmed for a period of time and sampled at a user-

defined rate, and then transformed into the next m/z. The chopper is set to the 

chopped position and an optical sensor positioned on the chopper mount detecting 

when the slit of chopper is positioned to allow aerosol beam to pass. The delay 

time between the aerosol beam passing through the slit of the chopper and the ion 

detection in the mass spectrometer is the particle time of flight. Several signal 

distributions of the different m/z are obtained over many chopped cycles. Since 

the time of flight is dependent on the particle’s aerodynamic diameter, these 

signals are subsequently used to calculate mass distributions for particular 

chemicals versus aerodynamic diameters. 

3.1.2 Compact Time-of-Flight Aerosol Mass Spectrometer (cToF-

AMS) 

The cToF-AMS incorporates the three main sections of the AMS, where the 

particle focusing, particle sizing and the combination of the vaporisation and 

ionisation steps are utilised in the Q-AMS as described above (Steiner et al., 

2001). After the vaporisation and ionisation processes, the ions are transported 

into an orthogonal time-of flight extractor, where they are then orthogonally 

transferred from the extractor to time-of flight section by a high pulsed voltage. 

The flight path is around 430 mm resembling a ‘C’ shape shown as Figure 3.3, 

which is controlled by a two-stage gridded ion reflector. The extraction period is 

typically about 12 µs, whilst the Q-AMS takes 300ms to scan at m/z 1-300. The 
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cToF-AMS therefore allows the generation of approximately 83,300 complete 

mass spectra every second, whereas only about 3 generated by the Q-AMS in that 

time. The long flight path and large temporal resolution in the cTof-AMS 

improves the sensitivity and time resolution of the instrument compared the Q-

AMS (Drewnick et al., 2005). After the extraction and ion reflector stages, the 

ions are collected and detected by the Multi-Channel Plate (MCP) detector. The 

cTof-AMS has a detection limit of 0.03 µg m-3 for organics compared to a value 

of 0.5 µg m-3 for the Q-AMS (Drewnick et al., 2009). 

 

Figure 3.3 Schematic of the cToF-AMS. Reprinted from Drewnick et al. (2005) 

3.1.3 Data quantification 

In order to derive quantitative information of chemical species from detected ion 

signals from the C-ToF-AMS, a number of processes are required, which has been 

discussed in Jayne et al. (2000), Jimenez et al. (2003) and Allan et al. (2003).  

  Voltage signals from the pre-amplifier (‘preamp’ in Figure 3.3) are proportional 

to the electrical current outputs of the MCP (Figure 3.3). The detected ion rates (I, 

Hz) are derived via division of the average single ion strength, which is 

determined by the daily calibration during the period of measurement that allows 

the signals of single ions to be distinguished from the background material. The 
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peaks of the individual ion signals are then averaged before conversion into mass 

concentration (C, µg m-3), which is achieved via the following formula, presented 

by Jimenez et al. (2003): 

                                                                                          (3.1) 

Where MW is the molecular weight of the parent species (g mol-1), IE is the 

ionisation efficiency, Q is the volumetric flow rate of the instrument (cm3 s-1), NA 

is Avogadro’s number (6.023 1023 mol-1) and the factor 1012 is used to convert 

from g cm-3 to µg m-3. Equation 3.1 is used to calculate the mass concentration at 

a particular m/z. In order to obtain the total mass concentration for a specific 

species, the ion signals for each mass fragment are summed as equation 3.2. 

                                                                                             (3.2) 

Where the subscript S represents a particular species and I denotes the mass 

fragments of species S.  

The IE is a species specific dimensionless quantity defined as the number of ions 

detected per molecule of the parent species (Canagaratna et al., 2007). It describes 

the probability that a particle is ionised, transmitted through the mass 

spectrometer and subsequently detected by the MCP. 

While quantification of IE for a specific species is very difficult due to the 

complex aerosol particles, the IE of ammonium nitrate (NH3NO4), which is 

efficiently volatilised upon contact with the vaporiser, is used as a standard. IENO3 

is calculated regularly during AMS operation from routine calibration using a 

well-documented experimental methodology (e.g. Jayne et al., 2000, Allan et al., 

2003, Canagaratna et al., 2007). Principally, monodisperse NH4NO3 particles are 

generated from a nebulizer using an aqueous ammonium nitrate solution, which 

are then dried before size selection via a Differential Mobility Analyser (DMA). 

A mobility diameter of 350 nm is considered an optimum diameter and selected 

because ions of the particles at this size are reliably distinguished and counted. 

The sample is introduced into the AMS and the number of ion signals at m/z 30 

and 46 are then counted in PToF mode via single particle vaporisation events. As 

the size of the particle for calibration has been pre-selected, and the bulk density 

of 1.725 g cm-3 and Jayne shape factor (0.8, Jayne et al., 2000) for NH4NO3 are 



43 

 

known, the average mass concentration of the sampled particles can be 

determined. 

  The IENO3 is then used to calculate the ionisation efficiency of other chemical 

species on the basis of the assumption that the ionisation cross section of the 

parent molecules is proportional to the number of molecules present (Jimenez et 

al., 2003). In addition, the ionisation cross section is assumed to be proportional to 

the molecular weight (MWs) of the species. The IE of a particular chemical 

species can then be calculated as the following equation: 

                                                                                            (3.3) 

Where RIEs is the relative ionisation efficiency of a specific species (Alfarra et 

al., 2004), which is calculated by laboratory experiments or from the routine IE 

calibration of specific species as described above. For the calculation of the mass 

loadings, equation 3.3 is substituted into equation 3.2 as follows: 

                                                                       (3.4) 

  As only a fraction of the particles entering the AMS are successfully transmitted 

through the mass spectrometer, vaporised, ionised and detected. The collection 

efficiency (CE) has to be taken into account as the following equation: 

                                                                    (3.5) 

Where EL is the transmission efficiency of the aerodynamic lens, Es is the 

efficiency of the particle beam reaching the vaporiser, and Eb represents the 

detection efficiency of the particles which impact the vaporiser being detected 

(Huffman et al., 2005). The CE can be dependent on particle size, particle phase, 

humidity and morphology (Allan et al., 2004, Quinn et al., 2006, Weimer et al., 

2006, Crosier et al., 2007, Middlebrook et al., 2012). For the internally mixed 

aerosols, the same CE can be assumed for all chemical composition (Alfarra et al., 

2004). A default CE of 0.5 has been applied to a number of field measurements 

and provided reasonable results (Alfarra et al., 2004, Topping et al., 2004, 

Takegawa et al., 2005, Aiken et al., 2009). However, CE has been found to be 

dependent on individual pollution events. Therefore, Middlebrook et al. (2012) 

developed an algorism to estimate the CE for a given dataset, which improved the 

quantification of the mass loadings compared to that when the default value was 
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used. In the specific case of solid fuel combustion from residential stoves, there 

has been no defined CE. However, the CE of 1 has often assumed in previous 

studies regarding the emissions of residential stove combustion (Heringa et al., 

2012, Brito et al., 2014, Haslett et al., 2018), which is the case in this study. 

3.2 Aethalometer  

The 7-wavelength Aethalometer (AE31, Magee Scientific) measures the light 

absorbing coefficients of particles collected onto a quartz fibre filter at seven 

wavelengths ( = 370, 470, 520, 590, 660, 880 and 950 nm) covering the ultra-

violet (UV) to the near-infrared wavelength range, and is often used to derive the 

mass concentration of light absorbing BC particles. The measured aerosol light 

absorption coefficients were corrected for multiple scattering by the filter fibres 

(C value) and shadowing effects (f value) caused by the accumulating particles in 

the filter which may shadow the newly collected ones so that the new particles 

cannot exposed to the same intensity of light. The procedure of correction is 

described by Weingartner et al. (2003) and the values of 1.2 and 3.095 for f and C 

were used to correct the absorption coefficients in this study. The C value was 

determined based on the comparison between the uncorrected Aethalometer data 

and that of a Thermo Scientific Multi-Angle Absorption Photometer (MAAP) 

measured at  = 630 nm using data with attenuation values only smaller than 10 

(Collaud Coen et al., 2010), where the shadowing effect is not expected. As the 

correction was done by Crilley et al. (2015), the processes of the correction 

related to this work are only briefly described here. 

The light attenuation (ATN) through a quartz filter was defined in equation 3.6, 

where I0 is the intensity of the incoming light, and I is the remaining light 

intensity after passing through the loaded filter. 

                                                                                                  (3.6) 

The absorption coefficients (bATN) measured by the Aethalometer need to be 

corrected for calculating the real absorption coefficients (babs) as shown in 

equation 3.7. 

                                                                                                 (3.7) 
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Where C is for the correction of the scattering effect; R is a wavelength 

dependent parameter for the correction of the shadowing effect. 

C value is obtained by the ratio of bATN,630 from Aethalometer and babs_630 from 

MAAP. As the Aethalometer does not measure at wavelength of 630 nm, The 

absorption Angstrom exponent, bATN,630 is calculated as shown in equation 3.9 

using the absorption Angstrom exponent (α), which is calculated as shown in 

equation 3.8. 

                                                                               

                                                                                                   (3.8) 

                                                                     

                                                                            (3.9) 

The shadowing correction (f) was calculated by the ratio of the absorption 

coefficients before and after each filter tape advance. The f value, which gives the 

median ratio over all tape advances closest to 1 for each wavelength, was taken. R 

is calculated as the following equation 3.10. 

                                                                  

                                                                      (3.10) 

  Finally, the babs for each wavelength has been determined, and the BC mass 

concentrations can be calculated by the conversion from babs using the mass 

absorption and attenuation cross section (σATN, m2g-1) for each wavelength as 

reported in the Aethalometer manual (MAC EC Magee) using the equation 3.11 

and 3.12, where MBC (g m-3) is the mass concentration of BC.  

                                                                                

                                                                                                   (3.11) 

                                                                               

                                                                                                        (3.12) 
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3.2.1 Black carbon and carbonaceous matter Source 

apportionment by Aethalometer model  

3.2.1.1 Methodology 

The Aethalometer was originally developed to quantify light absorption by black 

carbon (BC), which is considered as the predominant light absorbing particulate 

species at visible wavelengths (Hansen et al., 1984). However, there have been 

several studies pointing out that brown carbon, which is the absorbing part of 

organic matter, could significantly absorb light at wavelengths in the 400-500nm 

region (Kirchstetter et al., 2004). This approach has been used to calculate the 

contribution of fossil fuel and wood burning sources to carbonaceous matter 

concentration in ambient air according to their different optical properties 

(Sandradewi et al., 2008b; Favez et al., 2010). The parameterized aerosol 

absorption coefficients are proportional to  , where   is wavelength and   is 

the Ångström absorption exponent which is constant for pure traffic ( tr ) and 

pure wood burning ( wb ) measured at  = 470 and 950 nm (Sandradewi et al., 

2008b). Based on the assumptions that during winter FF and WB combustion are 

the dominating sources of total carbonaceous matter (CMtotal), ambient CMtotal can 

be modelled by the light absorption coefficients of aerosols emitted by these two 

sources. The above assumptions imply that the aerosol absorption coefficient 

(babs ( )) at a given   can represent the sum of the light absorption of aerosols 

emitted by these two sources as equation 3.13. Both quantities can be calculated 

from light absorption with given tr  and wb  for both sources with equation 3.14 

and 3.15: 

wbabstrafficabsabs bbb )()()(                                                                        (3.13)         
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                                                                        (3.15)                              

  With given tr  and wb  values and using the field data of the light absorption 

measurements at 470 and 950 nm, the values for babs,traffic,470nm, babs,traffic,950nm, 

babs,wb,470nm, and babs,wb,950nm can be computed with equation (3.13)-(3.15). In this 

study, the values of the absorption Angstrom exponent of traffic and wood 
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burning are set at 1 (Bond and Bergstrom, 2006) and 2 (Kirchstetter et al., 2004, 

Bond and Bergstrom, 2006, Lewis et al., 2008, Crilley et al., 2015), respectively. 

In the following, the contribution of wood burning and traffic emission aerosols to 

the carbonaceous matter within PM1 is estimated by a linear regression of the light 

absorption of the two sources combined with the measurements of AMS (Young 

et al., 2015) and SP2 (Liu et al., 2014). The equations are as follows: 

BCOMCM total   

            otherwbtraffic CMCMCM                                                                 (3.16)            

            3470,,2950,,1 ** CbCbC nmwbabsnmtrabs   

Where OM is the organic mass measured by the AMS, BC is the black carbon 

measured directly by the SP2 rather than Aethalometer as the uncertainties of the 

assumed α will lead to considerable variations of the model outputs (Harrison et 

al., 2012a, 2013), babs,tr,950nm represents the absorption coefficient of carbonaceous 

matter originating from fossil fuel combustion (CMtraffic) at wavelength 950 nm, 

babs,wb,470nm represents the absorption coefficient of wood-burning carbonaceous 

matter (CMwb) at wavelength 470nm, the calculated parameters C1 and C2 relate 

the light absorption to the particulate mass of both sources. The third constant, C3, 

which accounts for the background concentration/offset. 

  Combining factors derived using AMS-PMF (Young et al., 2015), BCtr and BCwb 

were separated by Liu et al, (2014), using a reformulation of equation 4.16 which 

can be rewritten as follows: 

trtraffic BCHOACM                                                                                      (3.17) 

              3950,,1 * CbC nmtrabs   

wbwb BCSFOASFOACM  21                                                                     (3.18) 

           3470,,2 * CbC nmwbabs   

3.3 Single particle soot photometer 

A single particle soot photometer (SP2, manufactured by Droplet Measurement 

Technology, Inc., Boulder, CO, USA) measures the mass of individual refractory 

black carbon (rBC) particles (Petzold et al., 2013) based on the detection of the 

incandescence radiation at high temperatures induced by a laser. Moreover, the 
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SP2 can also determine the scattered light emitted by non-refractory materials, 

enabling the calculation of the fraction of non-refractory materials to rBC in a 

rBC-containing particle (Schwarz et al., 2008a). Regarding the detection limit, the 

SP2 is able to measure the absorbing particles with volume equivalent diameters 

from 0.15 μm to 0.7 μm.  

 Figure 3.4 is a schematic of the SP2 optical head. An air jet containing sample 

aerosols is drawn into the instrument and intersects with a 1064 nm intra-cavity 

Nd:YAG laser beam, which has a power of about 1 MW cm-2 with a Gaussian 

intensity distribution (Schwarz et al., 2006). The air jet is approximately ¼ the 

width of the laser beam, which ensures that all particles can see the same laser 

intensity. In the interaction with the laser beam, BC particles absorb energy and 

are heated to vaporization temperatures, emitting measurable incandescent 

radiation. The incandescent and scattering light is measured by four avalanche 

photo-detectors (APD) behind complex lenses, which are positioned around the 

intersection of the particle and laser beams in order to capture the largest light 

intensity emitted by particles. Two of the APD are used to detect incandescent 

light either over a narrowband (~630-800 nm) or broadband (~350-800 nm) 

wavelength interval via the use of the optical filters. The measured intensity of the 

incandescent light is proportional to rBC mass (Slowik et al., 2007). Aquadag 

sample black carbon particle (Aqueous Deflocculated Acheson Graphite, 

manufactured by Acheson Inc., USA) is typically used to calibrate the 

incandescence signal, as it has shown to produce a stable signal of the particles 

with a mobility diameter of 300nm (Laborde et al., 2012a). Aquadag suspension is 

nebulised and the aerosols enter through a dryer, followed by a Differential 

Mobility Analyser (DMA) selecting particles of certain sizes, which are sampled 

by SP2. The mass of these particles is derived by the mobility diameters 

corresponding to the signal strength from the instrument in order to obtain a 

calibration constant. As the generated rBC particle standards from Aquadag do 

not represent the ambient rBC, a further correction of 0.75 is employed with the 

calibration curve to obtain more reliable rBC mass determination (Moteki et al., 

2010, Baumgardner et al., 2012, Laborde et al., 2012b). 

The other two APDs are used to detect scattered light at a wavelength interval 

of ~850-1200 nm and operate at two different gain settings to optically size 

particles that only scatter laser light.  A similar process is used to calibrate the 
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scattering channels, although in this case the calibration is based entirely on 300 

nm particles. The size and refractive index of polystyrene latex spheres (PSLs) is 

known, although a DMA is still used to remove interference at different sizes. In 

addition to calibrating the scattering channels, this process provides a check on 

the alignment of the beam within the instrument. A Gaussian signal distribution is 

generated and provides information about particle size. The scattering signal of an 

rBC-containing particle can be distorted because of the mass loss of an rBC-

containing particle by laser heating when it passes through the laser beam. When a 

coated rBC-containing particle passes through the laser beam, it initially acts as a 

purely scattering particle and the Gaussian scattering signal is detected. When the 

coatings vaporise, the rBC core begins to incandesce and the Gaussian scattering 

signal decays. However, the Gaussian scattering signal can be reconstructed by 

the baseline offset, amplitude, centre position and width by the ‘leading edge 

only’ (LEO) method. Thus, the LEO fitted scattering signal can be used to obtain 

the size and the thickness of the rBC-containing particle’s coating (Gao et al., 

2007). 

 

Figure 3.4 Schematic of the SP2 optical head illustrating the basic optics and 

detectors for incandescence and scattering light induced by a laser. The aerosol jet 

here is drawn for simplicity, and it is vertical to APDs, reproduced from Gao et al. 

(2007). 

3.3.1 Black carbon source apportionment by SP2 method 

  The overall rBC size (Dp), including the BC core and coatings, can therefore be 

provided by a core-shell Mie model with the input of the LEO fitted scattering 
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signal and BC core size, accompanied with the assumption of an rBC core 

refractive index of 2.26 – 1.26i and a coating refractive index of 1.5 + 0i (Moteki 

et al., 2010). The relative coating thickness of an rBC particle is calculated as 

Dp/Dc. The optical size of a non-rBC particle can also be calculated using Mie 

theory with a coating refractive index of 1.5 + 0i, which makes the optical sizes of 

rBC-containing and non-rBC particles directly comparable. Given the coating 

thickness of individual rBC particles is Dc size dependent, the bulk coating 

thickness is calculated as the cubed root by the total volume of the rBC particles 

divided by the total volume of the BC cores, as shown in Eq (3.19): 

                                                                                                  (3.19)                                                                                                               

  Where Dp and Dc are the coated BC diameter and BC core diameter, 

respectively; i denotes the ith single BC particle. The volume weighted bulk Dp/Dc 

is considered to be a representative diagnostic for the overall mixing state of the 

entire population of BC particles. 

  In order to identify the sources of the BC, a parameter of scattering 

enhancement, Es, was introduced, which is defined as the Eq. (3.20): 

                                                                                                         (3.20) 

  Where Scoated is the scattering signal measured by the SP2 and then LEO fitted; 

Suncoated is the scattering signal of the corresponding BC core, which is derived 

using the Mie single particle scattering solutions. 

  According to the Eq. 3.20, a value of 1 for Es means that the scattering signal of 

a BC particle equals to that of only a BC core, which also means zero coating or 

Dp/Dc = 1. Actually, particles with any coatings will scatter more the 

corresponding core, and Es therefore will be necessarily greater than 1. However, 

Scoated will also be subject to the uncertainties of the instrument measurement. 

Thus, a proportion of particles with Es less than 1 would be expected. In general, 

an increase in Es will indicate a thicker coating for a specified Dc. Figure 3.5 

shows the variation of Es as a function of BC core diameter (Dc) for the BC 

particles, when the traffic source mostly dominated and BC particles were least 

coated during the experiment. The coatings on these BC particles are considered 

to be completely removed after thermal desorption at 250 °C (TD250 °C), in other 
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words, no coating should yield a value of 1 for Es. For the particles with smaller 

Dc (< 110 nm), the low signal-to-noise ratio in the scattering signal related to the 

SP2 detectors, thus causing a failed LEO fit, or the scattering signal of measured 

particles falling outside of the Mie-calculation predictable range. In addition, it is 

expected that the scattering signal for a proportion of BC particles with core 

diameter less than 110 nm with thin coatings will also not be efficiently detected, 

resulting in a bias towards the particles with larger cores that were successfully 

fitted. 

 

Figure 3.5. BC optical properties when the environment is dominated by traffic 

source. (a) The scattering enhancement (Es) as a function of BC core diameter 

(Dc). The image plot is a two dimensional histogram for the detected particles. 

The solid grey line, with corresponding scale on right axis, shows the number 

fraction of BC particles that were successfully determined according to their 

scattering signal at each Dc size. The left panel is for the ambient data, whereas 

the right panel is the same group of BC particles after passing through the 

thermodenuder (TD) at 250 ◦C. The thinner red and black contours show the 

corresponding absolute coating thickness (in nm, (Dp−Dc)/2) and relative coating 

thickness (Dp/Dc), respectively. (b) The area normalised histogram of Es for the 

particles with Dc >110nm. Reprinted from Liu et al. (2014). 
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  For BC particles associated with the solid fuel burning, the coatings were not 

completely removed under the TD250 °C setting, as shown in Figure 3.6. The BC 

particles after the exposure to TD250 °C appeared to be compacted to a single 

defined mode; however, a significant tail is observed in the Es distribution (Figure 

3.6b). The remaining coatings on the BC particles, which are dominated by the 

solid fuel burning, may still contain a certain fraction of less-volatile OM. For the 

ambient data, which was largely affected by solid fuel burning, two modes of BC 

particle populations were observed (Figure 3.6a). The mode with smaller BC core 

size and thinner coatings agrees well with the mode only dominated by traffic 

source (Figure 3.5a), whereas the other mode with larger BC core size and thicker 

coatings are deemed to be from solid fuel burning. It has been indicated that BC 

particles from biomass burning are primarily thickly coated using SP2 

measurements (Schwarz et al., 2008). The results in this study are consistent with 

it and support the argument that the emissions of solid fuel combustion have a 

great influence on the variation of BC core size and coating thickness, i.e. 

significantly increase the core size and coating thickness of BC. 

  According to the derived Es as a function of Dc, at each bin of Dc, a threshold of 

Es, Es_thre, can be obtained at a specified Dc, as the example shown (Figure 3.6c). 

The Es_thre as a function of Dc can therefore be empirically fitted as the following 

function: 

                                                                        (3.21) 

  Based on the assumption that the distribution of coating thickness is unimodal 

for a given source, any BC particle with a given Dc and Es > Es_thre is considered 

to be contributed by non-traffic sources in this model. The Es_thre as a function of 

Dc is the dark dotted line, as shown in left panel of Fig. 3.6a. The BC particles 

with the characteristics above the dotted line are classified as the BC contributed 

by solid fuel combustion (BCsf) and below the line are the BC from traffic source 

(BCtr). Further details have been presented in Liu et al. (2014). The source 

apportionment technique based on the SP2 measurements is called the SP2 

method in this study. 



53 

 

 

Figure 3.6. BC optical properties when environment is significantly influenced by 

solid fuel burning (31 January to 1 February when E air mass). The legends in the 

plot are identical with Fig. 4. In particular, the thick dotted black line on the left 

panel of (a) shows the reference line used to discriminate the BC from traffic or 

solid fuel burning source. (c) the Es distribution atDc =110–150nm for the traffic 

and mixed sources, with the dotted line showing the determination of Es-thre. 

Reprinted from Liu et al. (2014). 

3.4 Source Apportionment models 
In order to build an effective air quality management system, assessment of the 

sources of atmospheric pollutants is necessary and knowledge of how much each 

of the sources is contributing to ambient concentrations of particles is required. 

Source apportionment models based on different techniques to re-construct the 

contribution of emissions from different sources of atmospheric pollutants are 
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now well established. Although the receptor models for source apportionment 

were not used in this study, the source apportionment techniques are described 

briefly in this section as the outcomes of the models have been used in this 

research. 

There are three main techniques generally categorized for source 

apportionment. First, numerical data obtained directly from the monitor is treated 

to identify sources, e.g. correlation between wind direction and the concentrations 

of measured pollutants to identify source locations (Henry et al., 2002). Another 

example of identifying the contributions of different sources is to subtract the 

concentrations measured at the regional background from the urban background 

and the kerbside levels (Yin et al., 2010). The main advantage of the methods is 

that there is not much complex calculation so that the possibility of artificial 

errors could be lower (Hopke et al., 2006). 

Second, detailed emission inventories are needed to stimulate aerosol 

emissions, formation, transportation and deposition (Kulmala et al., 2011, Beevers 

et al., 2013). The principal advantage of these methods is that they can be applied 

to evaluate the concentrations of emissions reduction or increment in scenarios 

studies. However, these models are constrained by the accuracy of emission 

inventories and the availability of detailed emission inventories required (Viana et 

al., 2008). 

Finally, the assumption of mass and species conservation is the fundamental 

principle of receptor modelling which can be used to identify and apportion the 

concentrations of pollutants to different sources in the atmosphere (Hopke et al., 

2003, 2006). Receptor models can be generally described by the following 

equation based on the mass balance of elements between the measured 

concentrations and source contributions. 

                                   



p

k

ijkjik egf
1

ijX                                          (3.22) 

Where Xij is the measured concentration of the jth pollutant in the ith sample, fik is 

the mass concentration from the kth source contributing to the ith sample, and gkj 

is the mass fraction of the jth pollutant from the kth source, eij is regarded as the 

residual. 
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3.4.1 Chemical Mass Balance (CMB) 

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

by the major assumptions of (1) compositions of source emissions are constant. 

(2) species included in the source profiles are not reactive. (3) all sources 

contributing to the receptor have been included in the calculations. (4) the source 

uncertainties are independent. (5) the number of sources is less than or equal to 

the number of species. (6) measurement uncertainties are random, uncorrelated 

and normally distributed (Seinfeld and Pandis, 2006). The assumptions of CMB 

mean that a number of sources P contributing to the measured concentrations X at 

the receptor sites have been identified without any interaction between sources 

resulting in decrease and increase in their concentrations. If the mass fractions of 

the pollutant compositions from the sources in the region are known (fik in 

equation 3.22), the only unknown for the source apportionment of the measured 

concentration Xij is the mass contribution of each source to each sample (gkj in 

equation 3.22). The total aerosol concentration X can be expressed as the sum of 

the contributions of the individual sources ck: 

                                             k

p

k

k eC 
1

X                                                     (3.23) 

  In addition to the above assumptions of the method, there are still a number of 

difficulties in the application of CMB. Firstly, there is a need to determine which 

sources should be included in the model. If the emission inventory exists for the 

measured region, it can be used to determine the main sources. The second issue 

is the source profiles that should be used as profiles may be applicable to only the 

certain source in the specific area. Moreover, emission profiles often change with 

time and are usually different from location to location. Therefore, uncertainties in 

the CMB results can be reduced significantly by conducting source profile 

measurements corresponding to the period of the atmospheric measurements 

(Glover et al., 1991). It is absolutely essential for CMB modelling to know the 

area which is to be modelled (Hopke, 1985). 

3.4.2 Positive Matrix Factorisation (PMF) 

Positive Matrix Factorisation (PMF), which is like PCA in that does not use a 

priori knowledge of pollutants, is a multivariate factor analysis model which was 

first applied successfully by Paatero et al., (1991) and subsequently developed and 
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refined by Paatero and Tapper (1994) and Paatero (1997). This model can be 

utilized to process data in order to further explore the chemical constituents and 

investigate the potential sources. The fundamental principle of PMF is that mass 

conservation can be assumed and it has been referred to receptor-only model 

identifying and apportioning sources of airborne particulate matter in the 

atmosphere (Hopke, 2003) with no need of a priori information of source profiles. 

The PMF model uses a least squares algorithm in which the non-negativity of the 

solutions has been constrained because negative values of the factors are not 

meaningful in many physical situations. 

With the elemental index notation, the bilinear model is defined as: 

                                       ijkj
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                                                  (3.24) 

Where Wik represents factor loading of the ith pollutant to the kth source; Pkj is 

called the score of the kth source of the jth sample; eij is regarded as the residual 

based on the same bilinear model as PCA (Tauler et al., 2009).  

  In spectroscopy, for example, Xij is the spectral signal observed from the 

measurement, Wik is the concentration of factor k at time step i, and Pkj is the 

fractional contribution of ion fragment j in the mass spectrum of factor k. In 

matrix form, the equation can be written as: 

                                        EGFX                                                                (3.25) 

Where X is the measured dataset, G is the matrix of the concentrations of the 

factors, F is the matrix of the constant contributions, and E is the matrix of 

residuals that cannot be fitted by the model (Hopke et al., 2006). 

Since the model uses a least squares approach to solve the factor analysis, G 

and F are constrained to be non-negative that there would be certain bias against 

the solutions. In order to get the optimal solutions, the “loss function” Q is defined 

as: 
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Where the values ij  are estimated errors (standard deviations) of the data matrix 

in the ith variable measured in the jth sample. The factor analysis problem is to 

minimize Q which is used to determine the quality of fit of the PMF solution for 
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the chosen number of factors to the data. The degree of freedom of the fitted data 

(Paatero et al., 2002) is an important parameter calculated by subtracting the 

number of free parameters from the number of data points and consequently the 

expected Q is given as follows: 

                                   )()(exp mnPnmQ                                                   (3.27) 

Where P is the number of factors, n is the number of samples and m is the mass 

spectra. 

Several criteria are used to choose the appropriate number of factors from the 

model, and furthermore this is the most subjective part of PMF analysis and the 

most critical decision in order to fully interpret the results. Basically, the value of 

Q/Qexp is expected to be close to 1 if the model accurately represents the 

variability of the measured data. For AMS datasets, mn >> p(m+n), so mnQ exp , 

the number of points in the data matrix. However, an underestimation of the errors 

or variability unaccounted for in the factor profiles is indicated by values of 

Q/Qexp greater than 1. Conversely, if values are less than 1, an overestimation of 

the errors of the input data has been indicated. As the degrees of freedom increase 

when additional factors are considered, Q is expected to decrease as more of the 

data should be allowed to be fitted. PMF solutions may not be unique as there 

may be linear transformations or rotations of the factor time series and mass 

spectra resulting in an identical fit to the data (Paatero et al., 2002). The 

transformation is defined as: 

                                      G = GT    and    F = T-1F                                            (3.28) 

Where T is a non-singular square matrix and T-1 is the inverse of the 

transformation matrix. G and F are the rotated matrices of G and F matrices 

respectively. As GF=GTT-1F=GIF=GF, the products of multiplication of GF and 

GF are equal. However, an infinite number of rotations may still exist and the 

constraint of non-negativity of all elements of factor matrices could still be met 

(Paatero et al., 2002).  

  With such an approximate rotation, Q stays unchanged in a pure rotation. 

However, factor matrices only comply with the rotation equation, and therefore 

the objective function Q will increase from its minimum value. The rotation is 
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considered acceptable when the value of Q does not increase significantly 

(Paatero et al., 2009). 

  It is clear that there is rotational ambiguity as an infinite number of rotations may 

exist. The user defined rotational parameter  , call FPEAK can therefore be used 

to explore the ambiguity and indicate the suitable solutions by imposing rotations 

to the emerging solutions throughout the iteration processes (Paatero et al.,2002). 

3.4.3 Multilinear engine (ME-2) 

The multilinear engine algorithm (ME-2) (Paatero, 1999) is a computer program 

designed to solve multivariate receptor models, e.g. Chemical Mass Balance 

(CMB) and PMF, using an efficient least square algorithm. In the CMB model, a 

priori information of sources has to be known in advance, but one of the 

uncertainties in CMB modelling is the variable source compositions (Marmur et 

al., 2007). The bilinear model (PMF), on the other hand, gives an estimate of 

source profiles without a priori knowledge of emission sources, but the rotational 

ambiguity exists in the result. However, the rotational ambiguity of PMF can be 

reduced by ME-2 utilizing a priori knowledge of source profiles or time series 

(Paatero and Hopke, 2009); indeed, ME-2 can be regarded as a hybrid model of 

CMB and bilinear model (PMF). The advantage of ME-2 over PMF can range 

from the fully constrained profiles in CMB to fully unconstrained PMF solutions 

using a least squares algorithm to iteratively minimize the quantity Q (Canonaco 

et al., 2013). 

There are two methods to constrain the factor profiles (elements of the F 

matrix) and/or factor time series (elements of the G matrix) called the a-value 

approach and the pulling approach (Canonaco et al., 2013).  

With the a-value approach, the user inputs a constraint defined by the a value 

which determines the degree of the variation from the input F matrix and/or G 

matrix to the output F matrix and/or G matrix. The equation is: 

                                    
jjsolutionj
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                                                 (3.29) 

Where W and P represent a row and a column of the F and G matrices, 

respectively. The index i represents the ith variable and j represents the jth 

measured point. 
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In terms of the pulling approach, the pulling equations are utilised into the 

model by the user to pull profile factor elements towards predefined values. The 

equation is: 

                                          iii ra  W                                                             (3.30) 

The equation only shows a row of the F matrix, where ai represents the anchor 

which the model uses to pull the iterative value Wi, and ri represents the residual. 

The more detailed introduction of ME-2 is described by Canonaco et al. (2013). 

3.5 The strengths and weaknesses of the different models 

CMB and PMF models have been applied in numerous studies for source 

apportionment of atmospheric pollutants investigated by Viana et al. (2008). In 

the previous studies, CMB was commonly applied to the data obtained from the 

filter samples (Docherty et al., 2008; Stone et al., 2008, 2009; El Haddad et al., 

2011; Yin et al., 2010, 2015), whereas PMF has been developed to identify 

sources and contributions of organic aerosols acquired from highly time-resolved 

aerosol mass spectra (Lanz et al., 2007; Song et al., 2008; Allan et al., 2010; 

Zhang et al., 2011; Saarikoski et al., 2012; Young et al., 2014), besides being 

applied to the data from filter samples (Bullock et al., 2008; Lee et al., 2008; Chen 

et al., 2011; Heo et al., 2013) . However, the choice of CMB and PMF depends on 

various factors. First of all, the main difference between CMB and PMF is the fact 

that the application of CMB requires detailed a priori knowledge of the emission 

source profiles, whereas PMF only requires quantitatively a posteriori knowledge 

of the emission sources (Viana et al., 2008, Gianini et al., 2013). From the view of 

the application of the models, the CMB result for fine fraction was not satisfactory 

due to higher ratio of secondary particles (Okamoto et al., 2012). Although 

several studies suggested that the unapportioned OC from the CMB model can be 

a good estimate of SOA (Lee et al., 2008, Stone et al., 2008, Yin et al., 2015), a 

number of neglected POA sources may account for a fraction of unapportioned 

OC without SOA source profiles which have not been established in CMB. 

Furthermore, deviations of the selected input source profiles can also cause great 

uncertainties of SOA estimation (Robinson et al., 2006); however, PMF can 

provide a method to separate POA and SOA, which commonly accounts for a 

large part of the airborne OA (Zhang et al., 2009). 
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On the other hand, PMF requires a large number of ambient samples to resolve 

sources of atmospheric aerosols and their profile (mass fractions of species in 

sources), whereas CMB can be applied to any number of samples as long as the 

source profiles have already been known (Lee et al., 2008). The application of 

PMF also has limitations when source emissions have a strong correlation with 

time, and/or when meteorology and atmospheric processing have a great impact 

on particulate matter variability (Gianini et al., 2013). In these situations, the 

application of PMF can lead to mixed source profiles and consequently result in 

the under- or overestimation of the real contributions of sources (Canonaco et al., 

2013).  

  ME-2, which has a priori information of source profiles added to the model, has 

been utilized in several studies to find better solutions which PMF does not 

represent (Lanz et al., 2008, Amato and Hopke, 2012). With the known source 

profiles input, the ME-2 solver can make a large improvement for hydrogen-like 

OA (HOA) due to the better separation of HOA and cooking OA (COA) by 

constraining these factors (Canonaco et al., 2013). Furthermore, ME-2 can 

provide a better resolution in result compared to that acquired from PMF as 

BBOA which has a high diurnal correlation with another factor exists. In this 

situation, the time series could not be separated using PMF (Lanz et al., 2008).  

Although several studies have indicated that ME-2 can reduce the rotational 

ambiguity compared to PMF, there is currently very little research regarding a 

priori knowledge of sources profiles included in the source apportionment for 

aerosol mass spectrum data. Therefore, further exploration for the application of 

ME-2 is needed and its pros and cons compared to different models for source 

apportionment of ambient aerosols for aerosol mass spectra should be tested and 

presented in future work. 
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Abstract. Determining the contribution of the wood burning to air pollution has become 

increasingly important due to the changings in energy sources in London. In winter, in 

particular, biomass burning emissions have been identified to be a major source of the 

atmospheric aerosols. Due to the complexity to characterise the mass concentrations of the 

solid fuel burning emissions, there have been several source apportionment techniques to 

estimate their contribution to particulate matter. However, as there is no agreement on the 

analysis techniques, the estimates of the contribution obtained from these methods are 

quantitatively different. The aim of this work is to investigate the potential factors resulting in 

the difference between the outputs of Aethalometer model and single particle soot photometer 

(SP2) method, using the data from a comprehensive suite of aerosol measurements and the 

outputs from various source apportionment studies obtained from the cooperated groups of 

the Clean Air for London (ClearfLo) project. The contribution of the wood burning to the BC 

apportioned by the Aethalometer model (BCwb_Aeth) is less than ~38% of that attributed by 

SP2 method, resulting from the oxygenated organic aerosols (OOA). In addition, a lower 

absorption Angstrom exponent value for wood burning (αwb) is expected depending on the 

burning conditions, fuel types or other non-traffic sources, such as coal and wood burning, 

which can affect the estimate of the BCwb_Aeth. 

  For the estimate of the carbonaceous matter contributed by wood burning (CMwb), the 

results indicate that an overestimation in CMwb would be expected using the poly-linear 

regression in Aethalometer model, which has been widely used in most previous studies. The 

OM contributed by the other sources, such as cooking and OOA, is likely to be attributed to 

CMwb. The findings and the parameters derived in this study could have implications when 

considering the mitigation strategies during winter in the future and may be a reference for 

better determining the contribution of wood burning. 

1. Introduction 

High concentrations of anthropogenic aerosols have been known to contribute to severe air 

quality, climate change and adverse human health (Lim et al., 2012, Butt et al., 2016) 

particularly in urbanised cities with high population densities. Black carbon (BC), mainly 

emitted from incomplete combustion of fossil fuel and biomass (Bond et al., 2004), is the 

principal source of the light-absorbing carbonaceous matter in aerosols (Bond et al., 2013a), 

only second to carbon dioxide (CO2). BC has been found to be a contributor to positive 

radiative forcing, which has a strong effect on globe and regional warming (Ramana et al., 
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2010, Ramanathan and Carmichael, 2008). Reducing air pollution has been a matter of 

concern, mainly in urban environments. However, the source contributions are not easily to 

be evaluated accurately as pollutants emitted by various sources have different properties, 

with further physical and chemical processes involved. BC is the prevailing indicator of the 

adverse health effect caused by the particulate air pollution (Janssen et al., 2012, Grahame et 

al., 2014), and therefore the quantification and source apportionment of the BC and their 

concentration are essential, especially in winter when wood burning has been found to be a 

major contributor to air pollution in residential areas (Lanz et al., 2008, Sandradewi et al., 

2008b, Favez et al., 2010, Crippa et al., 2013). As there is no agreement on particulate 

measuring technique with a specific definition, various techniques for the measurement of the 

refractory BC have been developed and used in the recent studies (Petzold et al., 2013).  

  In the UK, a 2-wavelength Aethalometer (AE22, Magee Scientific) has been principal BC 

analyser, quantifying the optically absorbing BC particles according to the transmission of 

light on a filter sample (Butterfield et al., 2016). Moreover, a 7-wavelength Aethalometer 

based on filter technique has been widely used for the measurements of the BC mass 

concentration and the light absorption coefficients of aerosols (Sandradewi et al., 2008b, 

Favez et al., 2010, Hyvärinen et al., 2011, Patrón et al., 2017). From a wide range of 

measurement methods/ instruments used in the scientific literature, the Single Particle Soot 

Photometer (SP2) has been increasingly recognised as a more appropriate tool for 

characterizing refractory BC-containing particles (Schwarz et al., 2006). 

  The Aethalometer model has been used to evaluate the contributions of traffic-related and 

solid fuel sources to carbonaceous matter concentrations (Sandradewi et al., 2008b, Favez et 

al., 2010). The key factor for the accuracy of the model is to assign appropriate α values for 

the traffic and wood burning sources, and therefore the uncertainties of the assumed α will 

lead to considerable variations of the model outputs (Harrison et al., 2013). Recently, a 

source apportionment methodology for BC attribution has been developed based on the 

measured BC size distribution and mixing state by SP2 (Liu et al., 2014). It was the first time 

to directly attribute the quantity of BC sources from their physical properties. A comparison 

of the SP2 and Aethalometer measurements indicated that non-BC species, referred to as 

brown carbon (BrC), significantly affect the Aethalometer measurements in the sampling area 

(Wang et al., 2014). It was found that both primary organic aerosol (POA), emitted directly 

by the sources, and secondary organic aerosol (SOA), produced by photochemical aging 

processes, comprise brown carbon, and exhibit the properties of light absorption at different 
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wavelengths to a significant extent (Saleh et al., 2013). Besides, there are studies indicating 

that BrC is mainly produced from biomass burning/biofuel combustion (Washenfelder et al., 

2015) and generated from the photo-oxidation of anthropogenic and biogenic volatile organic 

compounds (VOCs) (Ervens et al., 2011).  

  To explore the difference of the source apportionment from the various approaches in this 

study, the comprehensive data from Chemical Mass Balance (CMB) receptor model (Yin et 

al., 2015), Aerosol Mass Spectrometer Positive Matrix Factorisation (AMS-PMF)  (Young et 

al., 2015), Multilinear Engine (ME-2), SP2 (Liu et al., 2014) and Aethalometer models were 

used. The aim of the study is to estimate the contributions of wood burning and traffic to 

carbonaceous matter using Aethalometer model and explore the relationships between the 

results derived by different source apportionment models. The resulting coefficients from the 

Aethalometer model can be used as references for future studies, where such a 

comprehensive suite of aerosol measurements may not be available. In addition, there is a 

discrepancy between the BCwb attributions apportioned by SP2 (BCwb_SP2) according to the 

coating thickness and core size (Liu et al., 2014), and Aethalometer method (BCwb_Aeth) using 

absorption Angstrom exponent (AAE), which describes the dependency of aerosol optical 

thickness on wavelength, during the winter intensive observation period (Monks et al., 2009). 

As Aethalometer has been widely applied to quantify the light absorption by BC and the 

contributions of the carbonaceous matter by pollution sources, the cause of the difference 

between the attributions apportioned by SP2 and Aethalometer has to be identified to be used 

as a reference for future research. To find out the reasons of the difference between the 

contributions of BC from wood burning apportioned by Aethalometer method and SP2, the 

ratios of levoglucosan/potassium, SFOA1/SFOA2 as well as various pollutants have been 

used. This is a unique opportunity to apply the datasets measured by various instruments at 

the same site during the same period and analysed by different source apportionment models 

to compare the source contributions of the carbonaceous matter (CM). This study will 

provide a method to determine which model is more appropriate depending on different 

conditions. In previous studies, the estimated contributions of wood burning and traffic to 

CM by the Aethalometer model were performed with the combination of the off-line (i.e. the 

concentration of CM) and on-line (i.e. light absorption coefficients) measured data 

(Sandradewi et al., 2008b, Sandradewi et al., 2008c, Favez et al., 2010), which may cause 

more sampling and analysed artefacts than that of the all on-line measured data. This study 

can provide a relatively high time-solution data for a better estimate with the on-line 
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measurement of CM (i.e. OA from AMS; BC from SP2) and the light absorption coefficients 

measured by Aethalometer. The resulting coefficients from linear regressions can be used as 

references for future studies, where such a comprehensive suite of aerosol measurements may 

not be available. 

2. Experiment and data analysis 

This study reports the continuous measurements from the Clean Air for London (ClearfLo) 

campaign conducted in 2012 with an intensive observation period (IOP). An overview of the 

projected is detailed in Bohnenstengel et al. (2015) and (http://www.clearflo.ac.uk). The 

experiment in this study was conducted at an urban background site in the grounds of a 

school in North Kensington (51.521055_ N, 0.213432_W), which is identified as an urban 

background site. The IOP lasted for 4 weeks and was conducted in winter (11 Janurary to 8 

February) to investigate the range of sources and the ambient pollutants to which the London 

population are exposed to and provide comprehensive gaseous pollutant and aerosol data for 

tackling air quality issue. The sources of the outputs of different models used in this study are 

shown in the following section. 

2.1 The sources of the data 

The Chemical Mass Balance (CMB) model: This model was applied to aerosols collected 

on filter. The 24 h fine particles (PM2.5) were collected onto 150 mm diameter quartz filters, 

which were analysed for ions (SO4
2-, NO3

-, Cl-, Na+, K+, Ca2+, Mg2+ and NH4
+) using a 

Dionex ion chromatograph. OC and EC were analysed by Sunset Laboratory thermal-optial 

OC/EC analyser, and organic markers were analysed by GC-MS. The methods for the sample 

extraction and analysis procedures have been reported by Yue and Fraser (2004) and Yin et 

al. (2010). A modified quantification method for the secondary biogenic markers was used as 

described by Wagener et al. (2012a).  

  The results of the CMB modelling are from Yin et al. (2015) calculating related organic 

matter (OM) components by multiplying by OM/OC ratios considered suitable for the source. 

In brief, the US EPA CMB8.2 software was used for CMB modelling, with similar source 

profile to previous works, including traffic (Pant et al., 2014), food cooking (Zhao et al., 

2007), wood smoke/biomass burning (Fine et al., 2004), coal combustion (Zhang et al., 

2008), dust/soil (Schauer, 1998), vegetative detritus, natural gas combustion (Rogge et al., 

1993a, Rogge et al., 1993b) and secondary biogenic emissions (Wagener et al., 2012a, 

http://www.clearflo.ac.uk/
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Wagener et al., 2012b). The model performance and measurements can be found in detail in 

Yin et al. (2010) and Yin et al. (2015). 

  The AMS data and PMF analysis: The chemical composition of non-refractory PM1 was 

measured by an on-line instrument, the Aerodyne high-resolution time-of flight aerosol mass 

spectrometer (HR-ToF-AMS, hereafter AMS). The AMS data has been analysed and 

apportioned by Young et al. (2014) using Positive Matrix Factorisation (PMF) model based 

on the method described by Allan et al. (2010). Further details about the operation, 

measurements and data analysis of the AMS have been presented in Young et al. (2015), but 

a brief description relevant to this work is provided here.  

  Positive matrix factorisation (PMF), which can be used to identify potential pollutant 

sources, was performed on the organic data from the “V-mode”, allowing analysis of peaks 

according to elemental composition (Sun et al., 2011). Although the “W-mode” data could 

provide a more detailed analysis theoretically, the fractions of peaks were too low to permit a 

meaningful PMF analysis. A computer program for using the multilinear engine algorithm 

(ME-2) (Paatero, 1999) is currently available (Canonaco et al., 2013), which can provide a 

better resolution in result in some circumstances. However, the advantages of this approach 

are most significant when applied to the unit mass resolution data (e.g. Quadruple AMS, 

compact ToF-AMS), where the key peaks of the ion fragments (such as C3H7
+ and C2OH3

+) 

cannot be explicitly separated and thus result in the contribution to rotational ambiguity under 

PMF analysis. As this is not an issue to apply the PMF to the HR-ToF-AMS data presented 

here, it would be more appropriate to use PMF. The results therefore would not be affected 

by a priori assumptions upon the composition of the aerosols.  

  The data were processed according to the recommended method as described by Ulbrich et 

al. (2009). A five factor solution for the AMS-PMF results was identified that contribute to 

organic aerosols OA, including oxygenated organic aerosols (OOA), traffic 

related/hydrocarbon-like organic aerosols (HOA), cooking organic aerosols (COA) and two 

solid fuel burning organic aerosols (SFOA1 and SFOA2), which had a split factor of SFOA. 

While the SFOA in the four-factor solution (only one SFOA factor was identified) seemed to 

be valid, it was deemed that the five-factor solution (the split SFOA factors were identified) 

was more appropriate as the sum of the SFOA factors better correlated with the gas tracers. 

Further details have been presented in Young et al. (2015).   
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  The trace element and ME-2 analysis: The trace elements (Na, Mg, Al, Si, P, S, Cl, K, Ca, 

Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Sr, Zr, Mo, Sn, Sb, Ba and Pb), which can be used as the 

tracers of the source contribution, were collected using rotating drum impactors (RDIs) 

described in Bukowiecki et al. (2009a) and subsequently analysed by synchrotron radiation 

induced X-ray fluorescence spectrometry (SR-XRF) described in Flechsig et al. (2009a) and 

Visser et al. (2015b). ME-2 was further applied to estimate the contributions of different 

sources (Visser et al., 2015a). The contributions of the traffic-related and solid fuel 

combustion sources to PM1 are utilised in the study. 

  The single particle soot photometer: In this study, the physical properties of individual 

refractory BC (rBC) particles (Petzold et al., 2013) was characterised by a single particle soot 

photometer (SP2). The detailed operation of the instrument and data analysis procedures of 

the specific SP2 in Manchester have been described in previous studies (McMeeking et al., 

2010), but a brief description related to this study is given here. The SP2 determines the mass 

of refractory particle by detection of the incandescence radiation induced by a 1064 nm intra-

cavity Nd:YAG laser when a light-absorbing particle passes through. The main light-

absorbing component in the atmosphere at this wavelength is BC. Therefore, the 

incandescence signal was converted to the mass of single particle rBC based on the 

calibration using Aquadag sample black carbon particle standards (Aqueous Deflocculated 

Acheson Graphite, manufactured by Acheson Inc., USA). The generated rBC particle 

standards from Aquadag do not represent the ambient rBC, thus a further correction of 0.75 is 

employed with the calibration curve to obtain more reliable rBC mass determination (Moteki 

et al., 2010, Baumgardner et al., 2012, Laborde et al., 2012). The determined rBC mass is 

used to calculate a mass-equivalent diameter, assuming a density of 1.8 g cm-3 for 

atmospheric BC (Bond and Bergstrom, 2006a), termed as the BC core diameter (Dc), which 

is the diameter of a sphere containing the same mass of measured rBC. The total rBC 

concentration is the sum of rBC masses of all detected single particles. As the core sizes of 

some particles are too small to being detected, or too large thus saturating the detector, a 

certain amount of rBC mass is missed. These undetected masses are estimated based on a log-

normal fit of the Dc mass distribution. The missing masses can be derived by the 

extrapolation of the log-normal fit on the Dc mass distribution (Liu et al., 2014). 

  The scattering signal of an rBC-containing particle can be distorted because of the mass loss 

of a BC particle by laser heating when it passes through the laser beam. Thus, the ‘leading 
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edge only’ (LEO) method is utilised to reconstruct the scattering signal of an rBC-containing 

particle (Gao et al., 2007). The details for the LEO fitting are described by Liu et al. (2014) 

and Taylor et al. (2015). The overall rBC size (Dp), including the BC core and coatings, can 

therefore be provided by a core-shell Mie model with the input of the LEO fitted scattering 

signal and BC core size, accompanied with the assumption of an rBC core refractive index of 

2.26 – 1.26i and a coating refractive index of 1.5 + 0i (Moteki et al., 2010). The relative 

coating thickness of an rBC particle is calculated as Dp/Dc. The optical size of a non-rBC 

particle can also be calculated using Mie theory with a coating refractive index of 1.5 + 0i, 

which makes the optical sizes of rBC-containing and non-rBC particles directly comparable. 

Given the coating thickness of individual rBC particles is Dc size dependent, the bulk coating 

thickness is calculated as the cubed root by the total volume of the rBC particles divided by 

the total volume of the BC cores, as shown in Eq (1): 

                                                                                                                         (1)                                                                                                               

  Where Dp and Dc are the coated BC diameter and BC core diameter, respectively; i denotes 

the ith single BC particle. The volume weighted bulk Dp/Dc is considered to be a 

representative diagnostic for the overall mixing state of the entire population of BC particles. 

  In order to identify the sources of the BC, a parameter of scattering enhancement, Es, was 

introduced, which is defined as the Eq. (2): 

                                                                                                                                   (2) 

  Where Scoated is the scattering signal measured by the SP2 and then LEO fitted; Suncoated is the 

scattering signal of the corresponding BC core, which is derived using the Mie single particle 

scattering solutions. 

  According to the Eq. 2, a value of 1 for Es means that the scattering signal of a BC particle 

equals to that of only a BC core, which also means zero coating or Dp/Dc = 1. Actually, 

particles with any coatings will scatter more the corresponding core, and Es therefore will be 

necessarily greater than 1. However, Scoated will also be subject to the uncertainties of the 

instrument measurement. Thus, a proportion of particles with Es less than 1 would be 

expected. In general, an increase in Es will indicate a thicker coating for a specified Dc. 
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Figure S1 shows the variation of Es as a function of BC core diameter (Dc) for the BC 

particles, when the traffic source mostly dominated and BC particles were least coated during 

the experiment. The coatings on these BC particles are considered to be completely removed 

after thermal desorption at 250 °C (TD250 °C), in other words, no coating should yield a 

value of 1 for Es. For the particles with smaller Dc (< 110 nm), the low signal-to-noise ratio in 

the scattering signal related to the SP2 detectors, thus causing a failed LEO fit, or the 

scattering signal of measured particles falling outside of the Mie-calculation predictable 

range. In addition, it is expected that the scattering signal for a proportion of BC particles 

with core diameter less than 110 nm with thin coatings will also not be efficiently detected, 

resulting in a bias towards the particles with larger cores that were successfully fitted. 

  For BC particles associated with the solid fuel burning, the coatings were not completely 

removed under the TD250 °C setting, as shown in Figure S2. The BC particles after the 

exposure to TD250 °C appeared to be compacted to a single defined mode; however, a 

significant tail is observed in the Es distribution (Figure S2b). The remaining coatings on the 

BC particles, which are dominated by the solid fuel burning, may still contain a certain 

fraction of less-volatile OM. For the ambient data, which was largely affected by solid fuel 

burning, two modes of BC particle populations were observed (Figure S2a). The mode with 

smaller BC core size and thinner coatings agrees well with the mode only dominated by 

traffic source (Figure S1a), whereas the other mode with larger BC core size and thicker 

coatings are deemed to be from solid fuel burning. It has been indicated that BC particles 

from biomass burning are primarily thickly coated using SP2 measurements (Schwarz et al., 

2008). The results in this study are consistent with it and support the argument that the 

emissions of solid fuel combustion have a great influence on the variation of BC core size 

and coating thickness, i.e. significantly increase the core size and coating thickness of BC. 

  According to the derived Es as a function of Dc, at each bin of Dc, a threshold of Es, Es_thre, 

can be obtained at a specified Dc, as the example shown (Figure S2c). The Es_thre as a function 

of Dc can therefore be empirically fitted as the following function: 

                                                                                                   (3) 

  Based on the assumption that the distribution of coating thickness is unimodal for a given 

source, any BC particle with a given Dc and Es > Es_thre is considered to be contributed by 

non-traffic sources in this model. The Es_thre as a function of Dc is the dark dotted line, as 
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shown in left panel of Fig. S2a. The BC particles with the characteristics above the dotted 

line are classified as the BC contributed by solid fuel combustion (BCsf) and below the line 

are the BC from traffic source (BCtr). Further details have been presented in Liu et al. (2014). 

The source apportionment technique based on the SP2 measurements is called the SP2 

method in this study. 

Aethalometer 

A 7-wavelength Aethalometer (AE31, Magee Scientific) was used to measure the light 

absorption coefficients of aerosols (babs, in Mm-1) at seven different wavelengths from which 

the mass concentrations of BC can be derived (Petzold et al., 2013) by assuming a mass 

absorption cross section (MAC, m2 g-1). The measured aerosol light absorption coefficients 

(babs) were corrected for multiple scattering effect (C value) by the filter fibres and the 

shadowing effect caused by the accumulation of light absorbing particles in the filter (f 

value), which may shadow the newly collected ones so that could not be exposed to the same 

intensity of light. A value of 1.2 (f value) was used for the correction of shadowing effect 

based on the procedure described in Weingartner et al. (2003), and a C value of 3.095  was 

determined based on the comparison between the uncorrected babs and that of a Multi-Angle 

Absorption Photometer (MAAP) measured at  = 630 nm using data with attenuation values 

only smaller than 10 (Collaud Coen et al., 2010), where the shadowing effect is not expected 

(Crilley et al., 2015). 

Aethalometer model  

The Aethalometer was originally developed to quantify light absorption by black carbon 

(BC), which is considered as the predominant light absorbing particulate species at visible 

wavelengths (Hansen et al., 1984). The parameterized aerosol absorption coefficients are 

proportional to  , where   is wavelength and α is the Ångström absorption exponent 

which can be calculated by the Eq. (1). It has been proved that α can be assumed to be 

constant for pure traffic ( tr ) and pure wood burning ( wb ) measured at   470 and 950 nm 

(Harrison et al., 2012, Sandradewi et al., 2008b). Wavelengths of 470 and 950 nm were 

chosen here as Liu et al. (2014) has examined the two-wavelength Aethalometer 

measurement at wavelengths of 370 and 880 nm, which is also routinely used for the 

estimates of the contribution of the traffic and solid fuel combustion. It was found that fewer 

residuals resulted from the use of wavelengths at 470 and 950 nm compared to that from the 
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wavelengths of 370 and 880 nm (Zotter et al., 2017). In this study, the value of 1 (Bond and 

Bergstrom, 2006a)  for tr  and 2 (Kirchstetter et al., 2004, Bond and Bergstrom, 2006a, 

Lewis et al., 2008, Crilley et al., 2015) for wb  was used, and the babs for traffic (babs,tr) and 

wood burning (babs_wb) were derived by Eq. (2-4). The derived babs were then used to 

apportion the total BC to the contribution of traffic (BCtraffic_Aeth) and wood burning 

(BCwb_Aeth) according to Sandradewi et al. (2008b, c) by the Eq. (5). 
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  With given tr  and wb  values and using the field data of the light absorption 

measurements at 470 and 950 nm, the values for babs,traffic,470nm, babs,traffic,950nm, babs,wb,470nm, and 

babs,wb,950nm can be computed with equation (2)-(4). In this study, the BC mass concentration 

(BCtotal) is presented as the rBC measured by the SP2 instrument rather than the Aethalometer 

derived BC mass. 

  Based on the a priori assumptions that during winter fossil fuel and wood combustion are 

the dominating sources of total carbonaceous matter (CMtotal), ambient CMtotal can be 

modelled by the light absorption coefficients of aerosols emitted by these two sources 

(Sandradewi et al., 2008b, Favez et al., 2010), as shown in Eq. (6). In the following, the 

contribution of wood burning and traffic emission aerosols to the carbonaceous matter within 

PM1 is estimated by a linear regression of the light absorption of the two sources combined 

with AMS (Young et al., 2015) and SP2 (Liu et al., 2014) measurements. The equations are 

as follows: 
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                                                                              (6)  

                

  Where OM is the organic mass measured by the AMS, BC is the black carbon measured 

directly by the SP2 rather than Aethalometer as the uncertainties of the assumed α will lead to 

considerable variations of the model outputs (Harrison et al., 2012, Harrison et al., 2013), 

babs,tr,950nm represents the absorption coefficient of carbonaceous matter originating from 

traffic emissions (CMtraffic_Aeth) at wavelength 950 nm, babs,wb,470nm represents the absorption 

coefficient of wood-smoke containing carbonaceous matter (CMwb_Aeth) at wavelength 

470nm, the calculated parameters C1 and C2 relate the light absorption to the particulate mass 

of both sources. The third constant, C3, accounts for the background concentration/non-

combustion OM. 

  With AMS-PMF (Young et al., 2015), BCtr_SP2 and BCwb_SP2 separated by Liu et al. (2014), 

the equation (6) can be rewritten as Eq. (7)-(8). As OM and BC contributed by the specific 

sources have been attributed, which are primary aerosols, C3 in Eq. (7)-(8) is set to be zero.  

                                                                                                      (7) 

                         

                                                                                      (8) 

                    

  Where CMtraffic_SP2 is the carbonaceous matter contributed by the traffic and CMwb_SP2 is the 

carbonaceous matter contributed by the wood burning apportioned by the AMS-PMF and 

SP2 methods. C1
* and C2

* are the parameters associated with the light absorption to the 

particulate mass of both sources. 

3. Results and Discussion 

Investigation of the difference between BC source attribution from SP2 and 

Aethalometer model 

Figure 1 shows the time series of the species derived by different receptor models, and certain 

correlations between BCwb_difference and coal/wood smoke/solid fuel organic aerosol 1 

(SFOA1)/SFOA2/oxygenated organic aerosol (OOA)/solid fuel trace element are observed, 
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especially in the CMB time series with lower time-resolved data. As the relationships 

between BCwb_difference and the chemical components are not normally distributed and/or 

linear, the spearman rank correlation method (described in Supplement) was used to 

investigate the relationships between them, which are showed in Appendix (Table S1 with 

lower time resolution based on the filter measurements and Table S2 with higher time 

resolution according to the AMS measurements). The correlation coefficient of the spearman 

rank correlation test (rs) between the OOA and BCwb_difference is highest among these tests in 

Table S1 and S2, which means that the OOA is likely to be the main factor causing the 

discrepancy between the results apportioned by different models. Although the rs between the 

coal combustion emissions, water-soluble potassium ion and BCwb_difference are high, the both 

p-value are higher than 0.05 which mean they are not significant. However, the coal 

combustion emissions and potassium may still be the factors causing the differences as the 

higher p-value are possibly due to the less number of the data. 

As there are many possible reasons resulting in the discrepancy between the different BCwb 

attributions, the absorption Angstrom exponent of wood burning (αwb) was further evaluated 

by the Eq. (1) – (4). 
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Figure 1. The upper plot is based on the CMB time series and shows certain correlations between 

BCwb_difference and coal/wood smoke/SFOA1/SFOA2/OOA/solid fuel trace element, while the 

lower one is based on the SP2 time series with higher time resolution and illustrates lower correlation 

between the species. (Note: BCwb_difference = BCwb_SP2 – BCwb_Aeth) 

  BCtra apportioned by the SP2 (Liu et al., 2014) and Aethalometer methods shown in 

Appendix have a high correlation (r2 = 0.96), and the slope of the linear regression is close to 

1 (1.07), whereas the BCwb attributions have only moderate correlation (r2 = 0.53), and the 

slope is 0.49, which means BCwb attribution with Aethalometer model are mostly lower than 

that with SP2. 

  The key factor for the accuracy of the outcome of the Aethalometer model attribution is to 

assign appropriate αtra and αwb; otherwise the uncertainties of the assumed α will result in the 

considerable variations of the model outputs (Harrison et al., 2013). In this study, the αtra 

value of 1 and αwb of 2 are set according to Crilley et al. (2015), which are consistent to the 

values introduced in Sandradewi et al. (2008b) and Favez et al. (2010). However, the αwb has 

been shown to be of a large range of dependence on the burning phase, conditions, fuel types 
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as well as aging level of the biomass burning emissions (Saleh et al., 2013; Garg et al., 2016 

and references therein). Therefore, the αwb during the IOP are calculated using the given 

BCwb obtained by SP2 and fixed αtra being 1 to explore the factors causing the discrepancy 

between the BCwb attributions apportioned by SP2 and Aethalometer model shown in Figure 

2. 

 

Figure 2. The time series of the absorption Angstrom exponent (AAE) of solid fuel and  BCwb_difference. 

  As the correlations between αwb and different pollutants are not significant throughout the 

IOP, and the characteristics of the pollutants transmitted from different regional sources are 

not completely the same, the data sets are separated based on the origin of air masses (Liu et 

al., 2014) to explore the relationship of the diurnal patterns between them showed in Figure 3.  
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Figure 3. The diurnal patterns of the αwb, BCwb_difference, OOA, ratios of SFOA1/SFOA2 and 

SFOA1/SFOA based on the origin of air masses. The overall period is 32 days. 

  There is a high correlation between the ratios of SFOA1/SFOA2 and SFOA1/SFOA when 

they are divided into three datasets based on the origin of air masses compared to the entire 

time series. This indicates that there are different properties of the solid fuel combustion 

emissions from various areas. AAEwb and BCwb_difference have moderately negative 

correlations regardless of the origin of air masses (Easterly, r = - 0.63; Westerly, r = - 0.59; 

South Easterly, r = - 0.70), showing the need of the decrease in αwb depending on the air mass 

rather than assumed value of 2 during the whole period. 

  Figure 4 displays the relationships between the differences of the BCwb apportioned by the 

two methods and the OOA concentrations according to the origin of air masses. BCwb_Aeth are 

significantly lower than BCwb_SP2 when the high OOA concentrations occur wherever the air 

masses come from. It is consistent with the result of the spearman rank test that OOA is likely 

to be the factor causing the discrepancy between the attributions of these two methods.  
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Figure 4. Comparisons between BCwb_Aeth and BCwb_SP2 with the variations of OOA 

concentrations based on the origin of air masses. The BCwb_SP2 are larger than BCwb_Aeth when 

the high OOA concentrations occur. 

Inter-comparison of source apportionment of carbonaceous matter 

In this study, according to equations (7) and (8), Figure 5 exhibits a very high correlation 

between CMtraffic (HOA+BCtr) and babs,traffic,950nm (r2 = 0.90), which means that babs,traffic,950nm 

can effectively represent the most absorption of carbonaceous matter from traffic emissions. 

Although Figure 5 indicates that the correlation between CMwb (SFOA1+SFOA2+BCwb) and 

babs,wb,470nm is just moderate (r2 = 0.68), babs,wb,470nm can generally represent the absorption of 

carbonaceous matter from wood burning emissions. 
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Figure 5. The correlations between CMtraffic_HOA+BCtr and babs,traffic,950nm and between 

CMwb_SFOA1+SFOA2+BCwb and babs,wb,470nm. 

  The intercomparisons of CMtraffic and CMwb between the measured data (from AMS-PMF 

and SP2) and the estimates calculated by the poly-linear regression equations derived from 

using babs,traffic,950nm (CMtraffic_Aeth) and babs,wb,470nm (CMwb_Aeth) (from Aethalometer) are made 

in time series and the results are presented in Figure 6 and Table 1, which illustrates the daily 

concentrations of CMtraffic, CMwb and the discrepancies between the estimates from two 

methods. From the upper plot of Figure 6, the CMtraffic_Aeth is extremely similar to that of the 

combination of AMS-PMF and SP2 attribution (r2 = 0.90) even if the slight discrepancies 

denoted by CMtraffic_offset between the apportionment of the two methods occurred at certain 

times during the winter IOP. As to the attribution of the CMwb showed at the bottom of 

Figure 6, the correlation between the results of two methods is not that high as CMtraffic but 

still significant (r2 =0.67). However, the differences denoted by CMwb_offset between the 

apportionments of the two methods vary remarkably at several points in time series. Figure 7 

illustrates diurnal variations of CMtraffic_offset and CMwb_offset, and both the offsets are generally 

close to 0. It is interesting that there is variation of CMwb_offset in time series, however there is 

no obvious diurnal pattern as shown in Figure 8. The discovery indicates that the 

contributions of wood burning sources in North Kensington during the winter IOP might be 

influenced by meteorological condition such as the wind direction, which is consistent with 

Liu et al. (2014). 

  To date, this is the first time to apply the Aethalometer model using the combination of OM 

and BC attributions from AMS-PMF and SP2.  The derived C1
* of 254,260, which is related 

to traffic source, is very close to those proposed by Favez et al. (2009, 2010) and Sandradewi 
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et al. (2008c) with the values of 264,895 and 258,831, respectively. However, the C2
* of 

338,740, which is associated with the emissions from solid fuel burning, is significantly 

lower than those with the values of 724,256 (Favez et al., 2009), ~630,000 (Sandradewi et al., 

2008c) and ~670,000. In this study, the OM and BC contributed by the traffic and solid fuel 

burning has been pre-attributed by the AMS-PMF and SP2 methods rather than assuming 

total CM only contributed by both traffic and solid fuel burning, which means that the 

estimates of the solid fuel burning contribution to CM in the previous studies could be 

overestimated. In this case, approximately 38.6% of carbonaceous aerosols in PM1 was 

contributed by the traffic source, while around 32.7% of those was attributed to solid fuel 

burning in London during wintertime in 2012. 

Table 1. The linear regression equations of CMtraffic and CMwb. 

Traffic-related Wood burning 

CMtraffic_SP2_AMS = 254,260 * babs,traffic,950nm  CMwb_SP2_AMS = 338,740 * babs,wb,470nm  

CMtraffic_Aeth = 344,850 * babs,traffic,950nm CMwb_Aeth = 453080 * babs,wb,470nm 

CMtraffic_offset = CMtraffic_SP2_AMS - CMtraffic_Aeth CMwb_offset = CMwb_SP2_AMS - CMwb_Aeth 

Note: CMtraffic_SP2_AMS = HOA + BCtr 
           CMwb_SP2_AMS = SFOA1 + SFOA2 + BCwb 
           CMtotal = OM + BC = 344,850 * babs,traffic,950nm + 453,080 * babs,wb,470nm + 0.84 
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Figure 6. The differences of CMtraffic and CMwb between measured data and the estimates 

from Aethalometer model. CMtraffic_offset = CMtraffic_SP2_AMS - CMtraffic_Aeth; 

CMwb_offset = CMwb_SP2_AMS - CMwb_Aeth. The percentage (%) represents that how 

much the offset accounts for in the measured  
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Figure 7. The diurnal variations of CMtraffic_offset and CMwb_offset 

Figure 8. The frequencies of concentrations of CMtraffic_offset and CMwb_offset in time 

series. 

Relationship between the species from different source apportion methods 

  The average concentrations of trace elements from traffic emissions (TEtr) and solid fuel 

combustion (TEsf) during the winter intensive observation period were 28.80 and 32.89 ng m-

3 derived from ME-2, respectively. The correlation between different compositions from 

traffic-related sources and solid fuel combustion derived from various source apportionment 

methods is shown in Table 2. The correlation between TEtr and BCtr is the highest (r2 = 0.72) 

among the traffic-related emissions. Moreover, the correlation between TEsf and BCwb is also 

the highest (r2 = 0.68) among the solid fuel combustion emissions. The reason for the results 

may be because trace elements and BC are both primary emissions and do not easily react 

with other substances. Organic matter derived from AMS-PMF, in contrast, has a lower 
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correlation with trace elements (0.32 for HOA and 0.20 for SFOA) as organic matter in the 

atmosphere is more varied and has the more complex mechanism of formation. 

Table 2. The correlation between trace elements and BC and OM from different methods.  

                        

ME-2 

Others 

Trace elements 

(TEtr) 

                         

ME-2 

Others 

Trace elements  

(TEsf) 

BCtr (SP2) r2 = 0.72 BCwb (SP2) r2 = 0.68 

CMB_traffic r2 = 0.55 CMB_(WS+Coal) r2 = 0.51 

HOA r2 = 0.32 SFOA r2 = 0.20 

CMtraffic_Aeth r2 = 0.68 CMwb_Aeth r2 = 0.31 

Conclusion 

The comprehensive suite of dataset used in this study was based on the ClearfLo project in 

2012. The Aethalometer model was applied to quantify the CM from traffic and solid fuel 

sources during wintertime, using the aerosol light absorption coefficients at different 

wavelengths measured by Aethalometer accompanied with the two on-line measurements by 

AMS-PMF and SP2 in a London urban background site in 2012.  In the comparison between 

the contributions of BC sources, the BCtra_SP2 agrees well with BCtra_Aeth, whereas BCwb_Aeth is 

less than BCwb_SP2 with increasing OOA and the solid fuel combustion emissions (coal and 

wood smoke). The results imply that the higher OOA, coal and wood burning emissions have 

an impact on the absorption of the BC associated with the solid fuel combustion (Saleh et al., 

2013) by the Aethalometer model. On the other hand, lower αwb would be expected according 

to the emissions of solid fuel burning coming from different air masses, indicating that solid 

fuel burning with different burning conditions, fuel types or other non-traffic sources could 

also affect the estimates of the contribution of the BC solid fuel sources (Liu et al., 2014) 

  The derived parameter for the estimates of the CMtraffic with the pre-attributed AMS-PMF 

and SP2 data is consistent with those of the previous studies, whereas the parameter derived 

from the CMwb
* indicates that an overestimation can be expected compared to the parameters 
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derived from the poly-linear regression using unapportioned data as the OM in CMtotal 

comprises not only HOA and SFOA but also COA and OOA, which may lead to the 

attribution of the unassociated solid fuel burning emissions to the solid fuel burning 

emissions. The results in this study shows that the traffic and solid fuel burning accounted for 

approximately 71.3% (38.6% from traffic and 32.7% from solid fuel burning) of 

carbonaceous aerosols in PM1, which meant that there were still about 30% of them 

contributed by the other sources, e.g. cooking and OOA. It is helpful and useful with the 

parameters derived in this study that the more accurate estimates of the contribution from the 

combustion sources can underpin the mitigation strategy in the future, although more work in 

different regions is still needed to further investigate the complex non-traffic sources and to 

obtain the appropriate αwb and the parameters for the more reliable outputs from the 

Aethalometer model. 
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List of acronyms 

BCwb: the contribution of the wood burning to the BC. 

BCwb_SP2: the contribution of the wood burning to the BC apportioned by SP2 (BCwb_SP2) 

according to the coating thickness and core size. 

BCwb_Aeth: the contribution of the wood burning to the BC apportioned by the Aethalometer 

model 

OOA: oxygenated organic aerosols. 

αwb: absorption Angstrom exponent for traffic-related emissions. 

αwb: absorption Angstrom exponent for wood burning. 

CMwb: carbonaceous matter contributed by wood burning. 

BCtra: BC particles dominated by the traffic source. 

BCsf: BC particles dominated by solid fuel burning, same as wood burning in this study. 

AMS-PMF: Aerosol Mass Spectrometer Positive Matrix Factorisation. 

SFOA1: OM contributed by more efficient solid fuel combustion. 

SFOA2: OM contributed by less efficient solid fuel combustion. 

SFOAtotal: OM contributed by solid fuel combustion attributed by AMS-PMF, e.g. SFOAtotal 

= SFOA1 + SFOA2 
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Figure S1. BC optical properties when the environment is dominated by traffic source. (a) 

The scattering enhancement (Es) as a function of BC core diameter (Dc). The image plot is a 

two dimensional histogram for the detected particles. The solid grey line, with corresponding 

scale on right axis, shows the number fraction of BC particles that were successfully 

determined according to their scattering signal at each Dc size. The left panel is for the 

ambient data, whereas the right panel is the same group of BC particles after passing through 

the thermodenuder (TD) at 250 ◦C. The thinner red and black contours show the 

corresponding absolute coating thickness (in nm, (Dp−Dc)/2) and relative coating thickness 

(Dp/Dc), respectively. (b) The area normalised histogram of Es for the particles with Dc 

>110nm. Reprinted from Liu et al. (2014). 



 

Figure S2. BC optical properties when environment is significantly influenced by solid fuel 

burning (31 January to 1 February when E air mass). The legends in the plot are identical 

with Fig. 4. In particular, the thick dotted black line on the left panel of (a) shows the 

reference line used to discriminate the BC from traffic or solid fuel burning source. (c) the Es 

distribution atDc =110–150nm for the traffic and mixed sources, with the dotted line showing 

the determination of Es-thre. Reprinted from Liu et al. (2014). 

 

 

 

 

 



Spearman rank correlation test 

 

 

To determine if the rs are significant, the p-value tests have been conducted. 

 

 Note: rs is significant at α = 0.05 if the p-value is lower than α (0.05). 

 

 

 

 

 

 

 

 

 

 

 



Table S1. The spearman rank correlation coefficients between the BCwb_difference and organics. 

Correlation   coefficient 

Variables 

Pearson’s 

r 

 

r2 

Spearmen rank 

correlation 

rs 

P-value 

BCwb_difference V.S. Coal 0.76 0.58 0.79 0.63 > 0.05 

BCwb_difference V.S. Wood smoke 
0.43 0.18 0.59 < 0.001 

BCwb_difference V.S. Levoglucosan 
0.42 0.18 0.61 0.04 < 0.05 

BCwb_difference V.S. Potassium 
0.52 0.27 0.71 0.08 > 0.05 

BCwb_difference V.S. SFOA1 0.38 0.15 0.74 < 0.001 

BCwb_difference V.S. SFOA2 0.30 0.09 0.55 < 0.001 

BCwb_difference V.S. SFOA1 – 

SFOA2 0.23 0.05 0.34 0.12 > 0.05 

BCwb_difference V.S. OOA 
0.86 0.74 0.83 < 0.001 

BCwb_difference V.S. SF trace 

elements 0.85 0.73 0.75 < 0.001 

BCwb_difference V.S. 

SFOA1/SFOA 
0.53 0.28 0.69 < 0.001 

BCwb_difference V.S. 

SFOA2/SFOA 
-0.53 0.28 -0.25 < 0.001 

BCwb_difference V.S. Levo/K -0.34 0.11 -0.185 < 0.001 

*Time series is based on the CMB (24 hours). 

 

 

 

 

 



Table S2. The spearman rank correlation coefficients between the BCwb_difference and organics 

and inorganics. 

               Correlation coefficient 

 Variables 

Pearson’s 

r 

 

r2 

Spearmen rank 

correlation 

rs 

P-

value 

BCwb_difference V.S. OOA 
0.52 0.27 0.52 

< 

0.001 

BCwb_difference V.S. SFOA1 
0.20 0.04 0.37 

< 

0.001 

BCwb_difference V.S. SFOA2 
0.14 0.02 0.27 

< 

0.001 

BCwb_difference V.S. Solid fuel trace 

element 0.66 0.43 0.50 
< 

0.001 

BCwb_difference V.S. SFOA1 – SFOA2 
0.12 0.01 0.11 

< 

0.001 

BCwb_difference V.S. Non-volatile 

PM2.5 0.67 0.45 0.42 
< 

0.001 

BCwb_difference V.S. SO4 
0.61 0.37 0.49 

< 

0.001 

BCwb_difference V.S. NO3 
0.58 0.33 0.54 

< 

0.001 

BCwb_difference V.S. NH4 
0.64 0.41 0.55 

< 

0.001 

*Time series is based on the AMS (30 minutes). 



  

Figure S3. The estimate of carbonaceous matter for traffic and wood burning by pre-

apportioned data as a function of that by traditional method. 
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Research highlights: 

 On-line measurements of black carbon (BC) and gaseous pollutants were 

performed in winter over the Yangtze River in China. 

 The effects of the shipping emissions and regional pollutants in the coastal 

cities on the air pollution over the Yangtze River were investigated. 

 The characteristics of BC and gases for the background and high pollution 

periods were presented. 
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Abstract. The Yangtze River region and cities along the river have severe deterioration of air 

quality due to urbanization and economic development. Black carbon (BC) has important 

radiative impact at this region however has yet to be characterised and included in the 

emission inventory. Here we report the first time continuous measurements of BC and 

gaseous pollutants over Yangtze River in wintertime covering ~7° longitude over continent. 

The river was influenced by a combination of complex sources such as shipping emissions, 

power plants, surrounding industries as well as regional transport from the cities along the 

river. The highly polluted periods (HPP) with NOx > 80 μg m-3 (above 75th percentile) 

conditions correlated with high SO2 > 10 μg m-3, which indicated more localized emissions, 

e.g. mainly from shipping emissions on the river or local industry sources along the river. 

These HPP also corresponded with high BC number concentrations, but had no apparent 

correlation with CO (due to higher background level) or PM1 (as dominated by secondary 

formation). For the region in inner land (longitude < 118°E) mostly influenced by terrain 

height and regional transport, and outer land (longitude > 118°E) influenced by easterly 

oceanic or westerly continental air mass, the HPP significantly decreased the BC core size by 

5.39-19.41% for all air mass conditions. BC with smaller core size, at a mode of mass median 

diameter 120-180 nm, was found to importantly contribute to the local sources, contrasting 

with a more consistent mode ~200nm for mixed sources. Overall, the dominating shipping 

activities increased BC number by 17.49-115.77% with low contribution to BC mass (5.62-

51.19%) because of the smaller size. A comparison of simultaneously measured data from the 

official monitoring stations in the 9 cities along the river determined a high consistency of 

PM2.5 over the river (slope = 0.96, R2 = 0.75), which reflects the important regional impact on 

the particulate mass. This study serves a metric to evaluate the possible shipping emission 

and regional influence over the Yangtze River and may guide the policy making on 

mitigating air pollution. 
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Introduction 

The Yangtze River (YR) basin is located in eastern China, and includes the cities of 

Shanghai, Nanjing and Wuhan all having population in excess of 8 million people. Other 

cities along the YR include more than 1 million people, making the region one of the most 

polluted in China (Fu et al., 2013). As one of the longest rivers in the world, YR is a severely 

polluted channel, which has been heavily suffering from air pollution from both the 

surrounding areas and local vessels.  

  Black carbon (BC) is the dominating light absorbing particle, which is estimated to be the 

most important anthropogenic contributor to global warming after CO2 (Ramanathan and 

Carmichael, 2008, Bond et al., 2013) and widely recognised as having adverse effects on 

human health of the exposed population (Koelmans et al., 2006, Kandlikar et al., 2009, 

Shrestha et al., 2010, Grahame et al., 2014). BC not only affects the optical properties of 

clouds (Lohmann and Feichter, 2005, Riemer et al., 2010, Rose et al., 2011) but also 

atmospheric chemistry (Deng et al., 2010, Ding et al., 2016). China is one of the major 

regions of the sources of BC aerosol, with a contribution of approximately 30% of 

anthropogenic global BC concentrations (Bond et al., 2004). In the last few years, severe air 

pollution episodes have occurred frequently in China due to the rapid industrialisation and 

economic development. The YR region, including Yangtze River Delta (YRD), a basin of 

one of the longest rivers in the world, is even suffering from air pollutants from various 

sources, such as traffic, power plant, biomass burning, industry and non-road transportation 

(e.g. shipping emissions) (Fu et al., 2013, Wang et al., 2016, Xu et al., 2016). As a result of 

the large uncertainties of the emission inventories, estimation of the impact of BC on climate 

radiative forcing varies dramatically (Wang et al., 2017). Therefore, it is essential to clarify 

the characteristics of BC from different sources to aid accessing the impact of optical and 

physical properties of BC on climate forcing and the establishment of the mitigation strategy.  

  Air pollution over the YR has been severe in the recent year due to the high levels of energy 

consumption (Fu et al., 2008, Fu et al., 2013), which results in a large amount of emissions of 

atmospheric pollutants. The influence of the regional/long-range transport of pollutants in the 

YR region has been of more and more concern in the last decade (Huang et al., 2011, Wang 

et al., 2014, Huang et al., 2013, Xu et al., 2016). From 2010, the YRD region has been 

identified as a key area for joint prevention and control of air pollution, as part of an 

important air pollution control plan for China (Wang and Hao, 2012). However, due to the 
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complex sources of the air pollution, it has been still a challenge for policy makers and 

researchers to identify emission sources, understand the contamination processes, and 

develop effective air pollution control strategies.  

  Shipping emissions, including SO2, NOx, organic carbon (OC), black carbon (BC) and 

particulate matter (PM), have a significant contribution to the impacts on climate, air quality 

and human health (Capaldo et al., 1999, Fuglestvedt et al., 2009, Lu et al., 2006, Lonati et al., 

2010). Over the last two decades, the global shipping emissions and their impacts on global 

climate, air quality and human health have been of great interest worldwide (Corbett et al., 

2007, Lu et al., 2006, Isakson et al., 2001, Kim and Hopke, 2008, Agrawal et al., 2009, 

Hellebust et al., 2010, Matthias et al., 2010). Previous studies indicate that shipping 

emissions along the shipping routes have contributed to the degradation of the current air 

pollution situation (MOT, 2015, Zhang et al., 2017). In the recent years, shipping emissions 

in the East Asia have rapidly increased (Liu et al., 2016). Hazardous emissions from ships 

result in increasing impacts on the air quality of local, regional and global atmosphere. 

Particularly in the YRD (Fan et al., 2016), one of the five major port clusters in China, where 

with the significant development of the economy and vessel traffic, has been increasingly 

busy and features a dense distribution of ports and a large throughput. Previous studies have 

investigated the physical-chemical properties, sources and formation mechanisms of particles 

in the YRD on a city-level scale, such as Shanghai, Nanjing, Jiaxing, Suzhou, Ningbo and 

Hangzhou, (Ding et al., 2013, Hua et al., 2015, Li et al., 2015, Chen et al., 2015, Gong et al., 

2016, Huang et al., 2012b, Huang et al., 2013), however very few researches have been 

conducted on a regional scale considering the impacts of local activities in the YR region. 

Furthermore, there has not been study investigating the air pollution on the Yangtze River, 

where has been polluted by the emission sources from the surrounding cities, the shipping 

routes and regional transport. Influenced by the local emissions (e.g., ship and traffic exhaust) 

as well as regional transport of air pollutants from the surrounding heavily polluted areas, the 

physicochemical properties of ambient BC aerosols in the YR region are highly varied. 

  This cruiser campaign was the first time to continually measure the shipping emissions and 

air pollutants simultaneously on the Yangtze River in order to better understand the impacts 

of shipping emissions to the atmospheric environment. Moreover, this study is a good 

opportunity to investigate systematically the regional transport in the eastern China. Here, the 

mass-equivalent size distributions of refractory BC (rBC, Petzold et al. (2013)) were first 
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revealed in the extensive YR region based on the SP2 measurements. The characteristics of 

rBC particles were also investigated, accompanied by an analysis of their relation with 

gaseous emissions and their potential source contributions. A novel approach was employed 

to evaluate the contribution of local traffic to the rBC concentration based on the measured 

rBC sizes and reasonable assumptions; including a deductive mean diameter of rBC from 

local traffic and relatively stable rBC sizes in the air masses transported over certain regions. 

The aim of this study is to report the direct measurements of BC mass loadings and properties 

from different sources in eastern China, which underpins the mitigation strategy of air 

pollution. 

Methodology 

The Yangtze River experiment 

The YR observation campaign took place along the Yangtze River in winter 2015 within the 

scope of the regional transport and transformation of air pollution in eastern China. The 

cruise measurements were conducted along the YR between Shanghai and Wuhan from 21st 

November and 4th December 2015. The measurement campaign started at 11:30 UTC (+ 8 

hours for local time) on 21 November 2015 from Shanghai (31.36°N, 121.62°E), one of the 

major industrial and commercial hubs in eastern China, and arrived in Wuhan (30.62°N, 

114.33°E) at 07:42 UTC on 29 November 2015. The carrier ship then sailed back and finally 

arrived in Shanghai at 12:30 UTC on 4 December 2015. The cruise campaign, including a 

departing journey from Shanghai to Wuhan and a returning journey from Wuhan to Shanghai, 

covered the river with about 2150 km passing over the major industrial and transportation 

hubs in eastern China, such as Shanghai, Nanjing, Jiujiang, Huanghang and Wuhan. Details 

of the cruise route is shown in Figure 1. 
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Figure 1. The cruise tracks of the departing journey from Shanghai to Wuhan (green line) and the 

returning journey from Wuhan to Shanghai (blue line). The red symbols represent the date of arrival. 

 Instrumentation and data analysis 

The physical properties of individual rBC particles were characterised using a single particle 

soot photometer (SP2, Droplet Measurement Technology, Inc., Boulder, CO, USA). The SP2 

determines the mass of refractory particles by detection of the incandescence radiation 

induced by a 1064 nm intra-cavity Nd:YAG laser when a light-absorbing particle passes 

through. The main light-absorbing component in the atmosphere at this wavelength is BC. 

Therefore, the incandescence signal was converted to the mass of single particle rBC based 

on the calibration using Aquadag sample black carbon particle standards (Aqueous 

Deflocculated Acheson Graphite, manufactured by Acheson Inc., USA). The generated rBC 

particle standards from Aquadag do not represent the ambient rBC, thus a further correction 

of 0.75 is employed in the calibration curve to obtain a more reliable rBC mass determination 

(Moteki et al., 2010, Baumgardner et al., 2012, Laborde et al., 2012). An rBC sphere-

equivalent core diameter (Dc) can be derived by the conversion of rBC mass, assuming a 

density of 1.8 g cm-3 for atmospheric rBC (Bond and Bergstrom, 2006). Any particles with 



7 

 

the detectable incandescence signals are referred to as the rBC-containing particles and the 

particles that only present the scattering signals are termed as the non-BC particles. As a 

certain amount of rBC particles has either too small core sizes to be detected or too large 

thereby saturating the detector, the extrapolation of log-normal fit on the Dc mass distribution 

is applied to predict the missing masses.  

  The scattering signal of an rBC-containing particle can be distorted because of the mass loss 

of a BC particle by laser heating when it passes through the laser beam. Thus, the ‘leading 

edge only’ (LEO) method is utilised to reconstruct the scattering signal of an rBC-containing 

particle (Gao et al., 2007). The details for the LEO fitting are described into detail by Liu et 

al. (2014) and Taylor et al. (2015). The overall size (Dp) of the rBC particle, including the BC 

core and coatings, can therefore be provided by a core-shell Mie model with the input of the 

LEO fitted scattering signal and BC core size, accompanied with the assumption of an rBC 

core refractive index of 2.26 – 1.26i and a coating refractive index of 1.5 + 0i (Moteki et al., 

2010). The relative coating thickness of an rBC particle is calculated as Dp/Dc. The optical 

size of a non-rBC particle can also be calculated using the Mie theory with a coating 

refractive index of 1.5 + 0i, which makes the optical sizes of rBC-containing and non-rBC 

particles directly comparable. Given the coating thickness of individual rBC particles is Dc 

size dependent, the bulk coating thickness is calculated as the cubed root by the total volume 

of the rBC particles divided by the total volume of the BC cores, as shown in Eq. (1). The 

more detailed information of the instrument operation and data interpretation procedures of 

the SP2 used in this study has been described in McMeeking et al. (2010) and Liu et al. 

(2010).  

                                                                                                                                     (1) 

Where Dp and Dc are the coated rBC diameter and rBC core diameter, respectively; i denotes 

the ith single rBC particle. The bulk of volume weight, Dp/Dc, is considered to be a 

representative diagnostic for the overall mixing state of the whole population of BC particles. 

  NO and NO2 concentrations were monitored by a chemiluminescent NO-NO2-NOx analyser 

(Thermo Fisher Scientific, Model 42i), SO2 concentrations were monitored by a pulsed 

fluorescence SO2 analyzer (Thermo Fisher Scientific, Model 43i). The CO concentrations 

were monitored by a non-dispersive infrared CO analyser (Thermo Fisher Scientific, Model 

48i), and O3 concentrations were measured by a UV photometric O3 analyser (Nodel 49I, 
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Thermo-Fisher Scientific, USA). The concentrations of particulate matter (PM1 and PM2.5) 

was measured using TSI SidePak AM510 Personal Aerosol Monitors. SO2, CO, NO2, O3 and 

PM2.5 mass concentrations from the monitoring site in the cities were obtained from the 

China National Environmental Monitoring Centre (http://www.cnemc.cn/). 

  The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler 

and Hess, 1998) was used to compute back trajectories of air parcel and transport. Real-time 

back trajectories were generated every 1 h and calculated 3 days backward in time. The 

horizontal and vertical wind fields for trajectory calculations were provided by the 1*1, 3-

hourly GDAS reanalysis meteorology (Global Data Assimilation System; NOAA Air 

Resources Laboratory, Boulder, CO, USA). The emissions inventory of BC, which includes 

the major anthropogenic sources in the regions in China, used in this study is part of the 

mosaic inventory, named MIX, which was developed by Li et al. (2017).  

Results and discussion 

Overview of the campaign 

A cruise campaign was conducted from the estuary at Shanghai to Wuhan and then back to 

Shanghai in order to characterise rBC and its related gaseous pollution over the YR in eastern 

China. Figure 1 shows the time series of the rBC properties and the mass concentrations of 

the other pollutants during the sampling period. Over the cruise of this study, there were 

many simultaneous spikes of the rBC mass and number concentrations with NOx and SO2 

mass concentrations, corresponding to fresh rBC particles with smaller core size and thinner 

coatings during the periods of cruising. This situation implies that the sources dominating 

these plumes might come from local activities with less aging process, which could be mainly 

the shipping emissions. 

  During the period from Shanghai to Wuhan, the average rBC mass concentration and 

number concentration were 2.04 ± 1.27 (0.13 ~ 11.99) μg m-3 and 1246.99 ± 934.51 (76.60 ~ 

5062.45) cm-3. The average MMD and coating thickness of BC particles were 186.10 ± 22.17 

(123.04 ~ 238.00) nm and 1.38 ± 0.01 (1.16 ~ 1.63). The average mass concentrations of 

NOx, SO2, CO and PM2.5 were, 68.95 ± 82.89 (0.93 ~ 372.49), 11.64 ± 11.40 (0.02 ~ 52.20). 

411.95 ± 185.00 (82.33 ~ 1523.21) and 37.88 ± 21.09 (2.59 ~ 107.73) μg m-3, respectively. A 

moderate correlation (r = 0.49) between PM2.5 and rBC indicated that the concentrations of 

rBC increased with PM2.5 during this period over the river. NOx showed a strong correlation 

with SO2 (r = 0.83) but not with CO, indicating the possible sources of both SO2 and NOx 
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emissions were likely to be sulphur-containing fossil fuel combustion from the ships, power 

generation plants or industrial facilities (Lu et al., 2006). 

  In the return way from Wuhan to Shanghai, the average BC mass concentration and number 

concentration were 2.70 ± 1.36 (0.66 ~ 11.29) μg m-3 and 1308.9 ± 973.76 (295.45 ~ 

5730.04) cm-3.  The average MMD and coating thickness of BC particles were 198.59 ± 

12.11 (158.34 ~ 219.99) nm and 1.42 ± 0.14 (1.17 ~ 1.79). The average mass concentrations 

of NOx, SO2, CO and PM2.5 were, 53.92 ± 69.10 (3.24 ~ 292.31), 10.76 ± 8.67 (0.61 ~ 44.12). 

616.52 ± 247.07 (210.56 ~ 1913.79) and 47.62 ± 19.04 (20.52 ~ 148.15) μg m-3, respectively. 

A weak correlation (r = 0.21) between PM2.5 and rBC was observed during this period, which 

was different from that for the route from Shanghai to Wuhan. In general, sulphur-containing 

fossil fuel combustion was also the main source during this period, implied by the moderate 

correlation between NOx and SO2, but not with CO, which was the same as that measured 

from Shanghai to Wuhan. 

  Figure 3 shows BC mass concentrations on the topographical map, which reveals the spatial 

distribution of the concentrations during the sampling period. It can be noticed that about 118 

°E can be used as a boundary between terrain, which might affect the diffusion and 

transmission of air pollution, to explore the characteristics of the emissions of the sources 

from different regions. Thus, the measured data was divided into four sections according to 

118 °E to investigate the potential sources and characteristics of the air pollutants in the 

following sections, which are depart_I, depart_II, return_I and return_II. 
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Figure 2. Top panel: Mass and number concentrations, mass median diameter (MMD) and coating 

thickness of BC particles. Bottom: Mass concentrations of pollutants at different longitude during the 

round cruise. Depart_I: 120.53 °E to 118.34 °E; Depart_II: 118.33 °E to 114.34 °E; Return_I: 

114.37 °E to 118.34 °E; Return_II: 118.34 °E to 121.57 °E. 
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Figure 3. Spatial distribution of BC mass median concentrations back and forth between Shanghai 

and Wuhan along the Yangtze River from 22/11/2015 to 04/12/2015. Left: departing journey 

(Shanghai to Wuhan); right: returning journey (Wuhan to Shanghai). 

  In the regional emission inventory, in China, aggregated by Li et al. (2017), there are four 

main anthrogenic sources of BC; power, industry, residential and transportation (Figure 4). 

Figure 4 also shows the back trajectories of the four periods, which present the major sources 

of BC that the air masses passed through. For the intercomparison, the primary sources of air 

pollution during the four periods were classified into three catagories, based on the 

trajectories of the air masses; local sources (including shipping), easterly sources (cleaner) 

and westerly sources (more polluted sources), as shown in Figure 5. For the depart_I, the air 

masses mainly came from the east (87.6 ± 4.2 %), which mostly came from the sea and 

probably brought cleaner air to dilute the air pollution dominated by the local sources (12.4 ± 

4.2%) including the carrier ships and surrounding ships emissions. During the depart_II, both 

local sources (47.9 ± 34.1) and westerly sources ( 48.0 ± 32.8 %), with similar percentages, 

significantly contributed to the air pollution with a small portion attributed to the easterly 

sources (5.2 ± 17.1 %). As for the return_I, when the route was the same as depart_II, only 

the local sources (56.2 ± 25.5 %) and westerly sources (43.8 ± 25.5 %) contributed to the air 

pollution without easterly sources.  During the return_II period, the local sources that 

contributed to pollutant concentrations were similar to those during the depart_II. However, 

westerly sources accounted for 49.7 ± 28.1 % of the air pollutants during the period of 

return_II with 39.3 ± 26.6 % from the east. It can be noted that the westerly sources 

contributed greatly to air pollution during the most of the time, except for the depart_I, 

implying that air quality in the Yangtze river was affected by the transmission of the air 

pollutants from the inland, where there are diverse sources. 
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Figure 4. 72h back trajectories simulated by HYSPLIT model constrained at a height of 1000 m a.g.l. 

(above ground level) for the four periods shown on the BC emission inventories (Li et al., 2017) 

between Shanghai and Wuhan.  

 

Figure 5. The fraction of the sources according to 24h backward trajectory air mass divided into three 

regions: East: (>118 °E), West: (<118 °E) and Local (Lat ± 0.25 °E and Lon ± 0.25 °N). 

  Figure 6 and Figure S1 shows gaseous pollutants, PM1 and BC-related properties as a 

function of NOx, which was one of the main indicators of shipping emissions for the four 

periods. In general, the air pollution during the depart_I consisted of low SO2, CO, BC, PM1 

mass concentrations, MMD and coating thickness of BC particles. This suggests fresh 

emissions from local sources with clean regional transport. In contrast, the return_I period 

had the highest BC mass/number concentrations, coating thickness of BC particles, PM1 and 
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CO, implying the most influence of the regional transport on the background, which were 

consistent with the air mass coming from the much polluted west. Combined with the 

outcomes of backward trajectory analysis, the potential sources for each section were 

summarized as local sources + clean long-range transport (depart_I), local sources + clean 

long-range transport + polluted long-range transport (dapart_II), local sources + polluted 

long-range transport (return_I) and local sources + clean long-range transport + polluted 

long-range transport  (return_II).  The mass concentration of SO2, which is also highly related 

to shipping emissions (Endresen et al., 2003, Wang et al., 2007, Zhao et al., 2013), increased 

rapidly when NOx were above the specific concentration of 80 μg m-3, which was regarded as 

an threshold of shipping emissions.  The periods, when NOx emissions were above the 

thresholds and corresponded to high SO2 (> ~10 μg m-3), were considered to be dominated by 

shipping emissions, whereas the others were considered to be the value of the background. 

This section will present the overall variation of the pollutants, and the comparison between 

the background and the shipping emissions will be discussed in the following section.  

  The significant correlations between NOx, SO2 and BC mass and number concentrations 

implied the source of shipping emissions, however the correlations with PM1 and CO 

concentrations were not observed due to the effect of the long-range transport and the longer 

residence time in the atmosphere (Pfister et al., 2004, Heinizenberg, 1989). Fresher BC for 

depart_I imposed on cleaner environmental background reflected by low CO and PM1, when 

cleaner easterly air mass came from ocean. In addition, more convincible indicator of BC 

signature was observed from possible fresh shipping emissions, i.e. much smaller core size 

and thinner coatings. For other periods, depart_II, return_I and return_II, BC is imposed on 

the polluted background, where showed larger core size and thicker coating of the BC 

particles. 

  Air quality over the YR is affected by local sources in almost whole periods (carrier ship, 

surrounding ships and local sources). However, the characteristics of BC were not 

significantly affected by the regional sources at Lon.> ~118 °E (red line; marine air mass, 

cleaner), whereas the others were affected by the distinct sources (petrochemical plants, 

industry, biomass burning. Urban outflow and coal burning) from more polluted westerly air 

mass at Lon. < ~118 °E (grey, blue and green lines) with larger core size and thicker coatings. 
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Figure 6. SO2, CO, PM1 and BC-related properties as a function of NOx. Red line: depart_I, grey 

line: depart_II, blue line: return_I, green line: depart_II. 

  As stated above, the 80 μg m-3 of NOx mass concentration was considered as the division 

between the value of the background and shipping emissions. The data for each period was 

subsequently divided into two pollution levels, which were the background with NOx < 80 μg 

m-3 and high pollution periods with NOx > 80 μg m-3.  
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  For the cleaner environmental background during depart_I, fresher BC contributed by the 

shipping emissions was observed by the characteristic indicator of BC properties with much 

smaller core size of 159.71 ± 26.52 nm and thinner coatings of 1.27 ± 0.05 at high pollution 

level. Comparing the air pollution in the background and the high pollution levels, when BC 

mass showed 1.54 ± 1.30 μg m-3 in the background and only increased by 5.9 % at the high 

pollution levels. In terms of the effect of the shipping emissions on the background, SO2 

considerably increased by 721.0 % with the largest decline in BC core MMD of 19.4 % 

during depart_I. It is noted that in the case of high pollution levels, there was not increase but 

decrease in the CO mass concentrations, implying that CO from the shipping emissions were 

much lower than that of the background. 

  Significant increases in CO, BC and PM1 mass concentrations were observed during 

return_I, however the pollutants were not mainly contributed by the shipping emissions as it 

presented the most influence from the background, consistent with air masses mainly coming 

from the much polluted west with the  greatest increase in the BC coating thickness of 11.26 

%. During the four periods, BC core size showed consistent mode at ~180-220nm with a 

peak diameter of ~ 200 nm at background level, whereas exhibited bimodal mode of BC core 

size at high pollution level with additional mode at notably smaller size ~120-180nm (Figure 

8). Figure S2 shows the distribution of BC core MMD for the period of the SO2 plumes, 

which were considered to be mainly contributed by shipping emissions. This BC mode 

exclusively existed at high pollution level over the river (not at the other pollution levels), 

thus may be importantly contributed by the shipping emission. Regarding the larger BC core 

size dominating the background, this might be likely contributed by biomass burning and coal 

combustion (Huang et al., 2012a, Liu et al., 2014, Wang et al., 2016) transmitted from the 

surrounding areas. In previous studies, the peak diameter of the rBC mass size distribution 

was ~210 nm in Shenzhen in southern China (Huang et al., 2012), ~205 nm in Xi’an in 

western China (Wang et al., 2015) and ~ 200 nm in Shanghai in eastern China (Gong et al., 

2016). This similar mass size distribution of rBC suggested that there may be common 

sources of pollution in different cities in eastern China.  Detailed information of the impact of 

shipping emissions on the background during the four periods is shown in tables S1-S2 in the 

supplement.  
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Figure 7. Boxplots of statistical values of the pollutants during the four periods over the Yangtze 

River, and the increased percentage of the pollutants contributed by ship emissions (unit: %). Left 

boxes: high pollution period (NOx > 80 μg m-3); right boxes: background pollution level (NOx 

< 80 μg m-3)  
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Figure 8. The distribution of BC core MMD as a function of NOx. a) depart_I. b) depart_II. c) 

return_I. d) return_II. The color scale represents the BC particle number concentration. 

  Figure 9 shows the comparison of air pollutants between field measurements on the Yangtze 

River and the nearest official monitoring site in the coastal cities passed through. With the 

consistency of the mass concentrations of PM2.5, which are contributed by the complex 

sources and chemical reactions, and the behaviour of a relatively long residence time in the 

atmosphere that favour regional /long-range transport (Zhang et al., 2008, Ding et al., 2013), 

it was evident that the regional transport was one of the major sources of the air pollutants in 

the Yangtze River region, which was consistent with the previous studies indicating that 

PM2.5 pollution has become more frequent on a large regional scale in China (Fu et al., 2008, 

Hu et al., 2014).  

  CO and NO2 concentrations in the coastal cities were mostly higher than that on the river, 

implying that vehicular emissions in urban areas largely contributed to the air pollution in 

urban areas (Cheng et al., 2006, Hu et al., 2014). For the period of depart_I, SO2 

concentrations on the river were higher than that in the coastal cities, which might be mainly 

caused by the local sources dominated by the shipping emissions. However, higher SO2 

concentrations in the coastal cities during the other periods were observed, which 
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corresponded to the higher NO2 concentrations. Due to the characteristics of the relatively 

short-life in the atmosphere (van der A et al., 2017), the high NO2 and SO2 concentrations in 

the coastal cities were probably contributed by the same local sources, which could be power 

generation plant, industrial emissions, coal combustion and biomass burning (Chen and Xu, 

2010). Although NOx and SO2 were contributed by more and less the same sources, i.e. the 

burning of the fossil fuel and coal, the main difference is that traffic is a much more 

important source for NOx. Further research of the emission factors of air pollutants is needed 

to understand how much the air pollution is contributed by the individual sources and its 

impact on the air quality in a large regional scale. 

  

   

Figure 9. Comparison of the pollutants between the measurements and the monitoring site passed 

through. 
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Conclusion 

It was the first time to continuously measure rBC, PM1, PM2.5 and gaseous pollutants (NOx, 

SO2, CO, O3) along the Yangtze River between Shanghai and Wuhan from 21st November 

and 4th December 2015. The measured data of the round cruising was split into four section 

according to the boundary of the terrain. Three major source clusters were identified during 

the cruising based on the air masses obtained from the back trajectory analysis: local sources 

(including shipping emissions), easterly sources (cleaner air masses) and westerly sources 

(more polluted air masses).  

  During the depart_I, local sources were the main sources of air pollutants as the air masses 

mainly came from the cleaner ocean. The lowest rBC, PM1, CO, SO2 mass concentrations, 

MMD and coatings of rBC particles were observed, indicating the fresh emissions from the 

local sources and clean air masses from the ocean. However, the air pollutants during the rest 

of the three periods did not reveal significant characteristics of a certain source, as they were 

greatly contributed by westerly air masses coming from more polluted inland, which were 

likely to carry the pollutants originated by a variety of different sources.    

  Based on the threshold of NOx concentration of 80 μg m-3 used to identify shipping 

emissions to be the dominating source, NOx, SO2, BC mass and number concentrations 

correlated well with each other during the depart_I, when shipping emissions was the 

dominating source, but not with CO and PM1 due to the effect of the long-range transport and 

the longer lifetime in the atmosphere (Heinizenberg, 1989, Pfister et al., 2004). Moreover, 

fresh rBC particles, which were likely to be contributed by the shipping emissions, with much 

smaller core size of ~160 nm and thinner coatings of ~1.27 were also observed during the 

depart_I. However, rBC, for the other three periods imposed on the polluted background, 

showed larger core size and thicker coatings. It was found that the shipping emissions caused 

an increase of 5.9% in BC mass on the background, where the average rBC mass 

concentration was 1.54 ± 1.30 μg m-3. However, the CO mass concentrations produced by 

shipping showed no increase in the background, implying that CO in the background were 

much higher than that from the shipping emissions. The rBC core size showed a consistent 

mode of ~180-220nm with a peak diameter of ~200nm at the background level, whereas a 

bimodal mode of rBC core size with an additional mode of ~120-180nm at high NOx level 

was observed, indicating the shipping emissions considerably contributed to the rBC with this 

size range. Moreover, the rBC properties of the larger core size and thicker coating 
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dominating the background indicated that biomass burning and coal combustion were likely 

to be the dominant sources (Huang et al., 2012; Liu et al., 2014; Wang et al., 2016). 

  The comparison between the measured data on the YR and the nearest official monitoring 

sites in the coastal cities showed the identical PM2.5 mass concentrations during the whole 

period, implying the regional/ longe-range transport was one of the major sources of the air 

pollutants in the YR region (Fu et al., 2008; Li et al., 2011; Hu et al., 2014). The higher CO 

and NO2 mass concentrations in the coastal cities implied that traffic emissions in the cities 

greatly contributed to the air pollution. The results in this study showed that the regional 

transport greatly contributed to the rBC and its related gases. However, the specific sources 

could not be identified due to the same properties of rBC particles contributed by different 

sources. More work is needed to further investigate the complex sources in YR region and to 

obtain the contribution of the individual sources for the formulation of the mitigation strategy 

of the rBC.    
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Table S1. The average BC mass concentration, number concentration, core MMD and coating thickness, and average mass concentrations of 

NOx, SO2, CO, O3 and PM1 for the background (NOx < 80 μg m-3) and high polluted periods (NOx > 80 μg m-3). 

 

Depart_I 

 

Depart_II 

 

Return_I 

 

Return_II 

 

 

NOx > 80.2 < 80.2 >  80.2 < 80.2 >  80.2 < 80.2 >  80.2 < 80.2 

NOx 

(μg m-3) 200.35 ± 88.94 27.04 ± 24.51 163.28 ± 53.15 20.34 ± 18.04 195.51 ± 53.85 21.38 ± 17.66 113.82 ± 21.24 25.56 ± 20.63 

SO2 

(μg m-3) 21.34 ± 10.82 2.60 ± 2.65 26.63 ± 11.01 7.04 ± 5.31 19.75 ± 8.35 6.58 ± 5.14 17.98 ± 12.97 11.10 ± 8.12 

MMD 

(nm) 159.71 ± 26.52 182.71 ± 24.85 180.04 ± 20.89 196.69 ± 10.71 184.54 ± 15.46 198.67 ± 76.0 191.17 ± 18.13 205.81 ± 7.29 

BC 

number 

(cm-3) 1819.85 ± 1376.03 869.44 ± 577.03 

1926.14 ± 

1108.43 

964.72 ± 

537.20 

2770.74 ± 

1405.85 

1199.37 ± 

438.78 1565.02 ± 1335.89 

754.89 ± 

290.24 

Coating 

thickness 

(Dp/Dc) 

1.27 ± 0.05 1.28 ± 0.06 1.41 ± 0.06 1.44 ± 0.07 1.56 ± 0.12 1.45 ± 0.10 1.25 ± 0.05 1.34 ± 0.13 

BC mass 

(μg m-3) 2.01 ± 1.56 1.54 ± 1.30 2.54 ± 0.90 2.04 ± 1.24 4.46 ± 1.66 2.83 ± 0.93 2.48 ± 1.45 1.78 ± 0.65 

CO 

(μg m-3) 262.48 ± 120.88 322.36 ± 131.13 505.12 ± 198.24 

445.70 ± 

176.68 784.86 ± 244.05 627.91 ± 244.11 507.10 ± 231.06 

544.34 ± 

217.31 

PM1 

(μg m-3) 20.76 ± 8.62 13.31 ± 3.09 37.66 ± 13.63 35.16 ± 11.64 51.95 ± 24.90 35.55 ± 11.74 26.55 ± 4.50 27.29 ± 7.46 

O3 

(μg m-3) 31.84 ± 18.41 54.89 ± 19.96 39.85 ± 19.20 41.15 ± 21.06 14.75 ± 10.04 26.81 ± 13.08 36.02 ± 12.86 37.94 ± 19.66 

 
 
 



 
 

Table S2. The increased percentage of the pollutants caused by more localized sources on the 

Yangtze River. (Unit: %) 

 

  

Figure S1. O3 and BC mass concentrations as a function of NOx. Red line: depart_I, grey line: 

depart_II, blue line: return_I, green line: depart_II. 

 

Figure S2. The distribution of BC core MMD as a function of NOx for the period of the SO2 plumes. 

 Depart_I Depart_II Return_I Return_II 

NOx 1036.5 1010.9 1144.1 648.5 

SO2 721.0 278.1 200.2 62.0 

MMD -19.4 -10.0 -5.5 -5.4 

BC number 112.8 115.8 92.0 17.5 

Coating thickness 

(Dp/Dc) 

-2.2 -1.7 11.3 -4.2 

BC mass 5.9 29.6 51.2 5.6 

CO -20.4 5.0 48.5 -35.6 

PM1 50 0 62.5 4 

O3 -43.8 22.3 -50.2 -0.9 
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Research highlights: 

 On-line measurements of the solid fuel combustion emissions from 

cookstoves were performed in a laboratory-based study. 

 Organic matter (OM) and black carbon (BC) emissions from different 

types of solid fuel and stoves were measured by AMS and SP2. 

Interactions between OM and BC according to modified combustion 

efficient were investigated. 

 The source profile of BC for residential solid fuel burning was generated, 

which can be used in most of the models to more accurately assess the 

impact of BC on the regional and global climate.  
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ABSTRACT: Designs of “improved” stoves are introduced recently to benefit the
solid fuel consumption of cooking activities in developing countries, but the
uncertainties concerning the combustion processes and particulate emissions remain
poorly characterized. To help understand this, combustion in three examples of
“improved” African cookstoves was investigated in the laboratory. A typical
European heating stove was included for comparison purpose. Detailed aerosol
emissions were studied in real-time with an Aerosol Mass Spectrometer and Single
Particle Soot Photometer, to explore interactions between black carbon (BC) and
organic carbon aerosols, which were parametrized according to modified
combustion efficiency (MCE), a common metric used within the atmospheric
emission community. Greater than 50% of the total organic matter (OM) was found
in BC-containing particles when MCE was >0.95 for dry oak and coal fuels, whereas
at lower MCE, over 80% of the total OM for most of the fuels existed in particles
without detectable BC. When the OM mass fraction of total particulate matter
(PM1) > 0.9, the mass ratio of OM to refractory BC in BC-containing particles was about 2−3, but only ∼0.8 when OM mass
fraction <0.9. These findings are not currently included in models and such information should be considered in the future
emission scenarios.

■ INTRODUCTION

Particulate emissions from the combustion of solid fuel, which
is widely used for cooking and heating in developing countries,
have severe impacts on human health, air quality, and
climate.1−4 For the year 2010, global burden of disease
estimates showed that exposure to household air pollution
from cooking resulted in approximately 4 million premature
deaths,5 with the most recent estimates from WHO reporting
4.3 million death for 2012.6 Household air pollution is also a
substantial contributor to outdoor air pollution-related deaths
due to emissions into the ambient environment, responsible
for around 0.4 million deaths (12%) of the total from ambient
air pollution.7

Domestic combustion of solid fuels was estimated to
contribute to approximate 30% and 70% of global BC and
organic carbon (OC) emissions, respectively,8 although there
were big regional differences depending on the operating
conditions such as fuel type, appliance type, and fuel loading,
which can influence emission compositions considerably.9−13

BC is the dominant form of light absorbing particulate matter
and is estimated to be the most important anthropogenic
contributor to instantaneous climate forcing after CO2.

11 Co-

emitted OM also affects the optical properties of emitted BC
particles if the components are internally mixed, through
coatings and lensing effects.14−16

The chemical composition of stove-related combustion
emissions was found to vary widely and depend on the fuel
type, source loading, and condition, all of which affect
combustion conditions.17−21 Further variations may be
expected with the introduction of new technologies designed
to reduce fuel consumption and emissions, where the
improved combustion efficiency may change the character of
the emissions, in addition to the quantity.
Although there have been a number of studies using real-

time instrumentation to characterize solid fuel combustion
emissions from heating and cooking stoves, most of them
focused on particle number concentrations,22−26 OM
composition,12,13,27−29 and the characterization of BC.28,30−32

The information about real time emissions of BC and OM and
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how they are mixed with each other is still lacking.33,34 The
absorption enhancement of BC particles is determined by the
mixing state of BC and non-BC materials in a BC-containing
particle14,16,35,36 but this is still uncertain, particularly for solid
fuel emissions, and is often largely simplified in models.37,38

Thus, the unconstrained source profiles of solid fuel emissions
limit the ability to accurately simulate the impacts on air
quality and climate.3 The relationship between the emissions
from solid fuel combustion and combustion efficiency has been
shown in a few studies, but many of the tests were conducted
on more idealized and tightly constrained combustion
conditions and hence were unable to replicate the diversity
of emissions.10,12,32

The burning conditions and emissions of the stoves are
highly variable and stove performance in the field can be quite
different from that in the laboratory.39−41 While integrated
emissions are of use to inform inventories,42−44 to better
understand the exact nature of the emissions, it is important to
make high time-resolution measurements of the entire process
to have an insight into the evolution of the properties of the
emissions. Furthermore, the use of the same type of online
instrumentation for emissions and atmospheric measurements
enables direct comparison of data sets. In this study, the
chemical compositions of nonrefractory species in PM1 were
measured by a compact time-of-flight aerosol mass spectrom-
eter (c-TOF-AMS), and the physical properties of refractory
BC (rBC) particles were characterized by using a single
particle soot photometer (SP2). The mixing state of rBC and
coemitted OM components emitted from the cookstoves was
reported and compared to those emitted from a UK heating
stove, and their relationships to the MCE and the oxidation
level of the emissions, which potentially affects the BC
particles, were qualitatively provided for comparability to
equivalent atmospheric measurements of air pollutants from
wood combustion. To our knowledge, this is the first time to
explore the mixing state between OM and BC from solid fuel
combustion from both stove types as sources.

■ MATERIALS AND METHODS
Testing Facility and Combustion Experiments. A

series of solid fuel combustion experiments was carried out
in the test facility of the University of Leeds. The facility was
modified for cookstove testing having been previously used for
heating stoves testing.45 Details of this facility, including the
stoves, types of fuel used, and sampling configuration are in the
Supporting Information (SI Figures S1 and S2, and Table S1).
Three examples of cookstoves used in Africa that could be
described as “improved” (better fuel efficiency and lower
emissions compared to the traditional cookstoves, such as
three stone fires) were used and are named here as
Carbonzero,46 Gyapa,47 and Lucia.48 For the sake of
comparison, a modern U.K. heating stove49 was also tested.
It should be noted that cookstoves were tested with no cooking
pot, which can have a large effect on performance by changing
air flow and by quenching flames and combustion gases.
For each combustion experiment except for the Lucia stove,

standard ZIP firelighters (http://www.zipfires.co.uk/product-
range/fire-lighters/high-performance/) were used to ignite the
fuel, which caused ignition of the firelighter immediately and
pyrolysis of the solid fuel before consequent burning. Fuel was
reloaded manually when the flame on the top of the burning
fuel almost died out while the combustion process was
ongoing, as would be performed during normal operation. The

Lucia stove was a pyrolytic stove with a fundamentally different
combustion mechanism. Fuel pellets are pyrolyzed and the
resultant gases driven through an outer sheath before
combustion at a ring of holes above the fuel bed. The
pyrolysis and flow are maintained passively by the heat of the
flame, and the initial ignition was provided by 9 g of liquid
kerosene.
Different studies have the distinct definitions of the burning

phases.12,23,27,29,50 In this study, the burns for each stove can
be qualitatively divided into several phases according to the
observed variability of burning conditions and particulate
emissions. Typically, these were (i) “fuel reloading”, which
started when fuel was reloaded on the glowing embers of the
proceeding combustion cycle. This included the pyrolysis
phase and lasted until BC and the modified combustion
efficiency (MCE), calculated as ΔCO2/(ΔCO + ΔCO2),
increased; (ii) “flaming-dominated”, that followed the initial
phase of fuel addition and lasted until the MCE and BC
emissions dropped; (iii) “poor-burning”, which was charac-
terized by a lack of significant dominance in the OM and BC
emissions with the fluctuation in MCE over several
combustion cycles; (iv) “smoldering-dominated”, that oc-
curred only in the combustion cycle with charcoal and coal in
this study, during this phase OM emissions were elevated with
only nominal BC and little visible flame; and (v) ”burn out”,
which was only observed significantly for the Lucia stove.

Instrumentation and Data Analysis. A cToF-AMS was
used for the online measurement of submicron nonrefractory
aerosol components, including OM, nitrate (NO3

−), sulfate
(SO4

2−), ammonium (NH4
+), and chloride (Cl−). The

operating modes of the AMS and detailed descriptions of the
cToF-AMS can be found in other publications.51,52 Details of
the data processing and the correction of the mass spectra are
in the SI.
The physical and optical properties of individual rBC

particles were characterized by a SP2 manufactured by Droplet
Measurement Technology (DMT). The operation and data
analysis procedures of the SP2 used in these experiments have
been described in McMeeking et al.53 and Liu et al.54 The SP2
uses incandescence induced by a 1064 nm active laser cavity to
obtain rBC mass in individual particles which can be converted
to a sphere-equivalent core diameter (Dc) by assuming a
density of 1.8 g cm−3.55 This is done for the sake of
comparison with other sizing instruments. A further estimate of
overall size can also be provided by inspecting the scattering
signal as the particle enters the laser beam, using the “leading
edge only” method described by Liu et al.56 and Taylor et al.57

A core−shell Mie model was used, assuming a rBC core
refractive index of 2.26−1.26i and a coating refractive index of
1.5 + 0i.58 While it would have been preferable to derive
refractive indexes specific to these aerosol, this was not possible
with the equipment used here.
The SP2 data were used to estimate the mass of the non-BC

material coating on the BC particles from the total volume of
the BC particles divided by the total volume of the BC cores as
measured within a given time period,56 as expressed as eq 1.
The non-BC material of a BC-containing particle is deemed to
be mostly consisted of OM internally mixed with BC. The total
organic mass internally mixed with BC in a given time period,
OMBC, can then be obtained using the bulk VP/VC by
assuming the densities of OM and BC as expressed by eq 2:
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where ρOM and ρBC are the densities of OM and BC assumed
to be 1.2 and 1.8 g cm−3, respectively,55,59 and ∑irBCi is the
total mass of black carbon in a population of i particles, which
we later term rBCbulk. A fraction of particles with small BC
cores and thin coatings may not be detected by the SP2,
though this fraction of coating mass was of minor importance
(∼5−10%) considering the total coating mass. While it is
noted that this method carries uncertainties relating to
assumptions concerning shape, density, and refractive index,
this still serves as a good comparative metric between stoves
and fuels. The lower detection limit of the BC core size from
the SP2 is a mass corresponding to around 60 nm diameter.35

This precludes the ability to identify particles as completely
BC-free, i.e., externally mixed with BC, since they can contain
some fraction of rBC below the SP2 detection limit (<60 nm).
As the mass of the BC emissions from charcoal combustion
was too low, this approach was not applicable to the estimation
of the coatings in the charcoal experiment.
Given that the AMS is able to detect total OM, the internally

mixed OM fraction relative to total OM, denoted as Fin, can be
obtained by eq 3:

=F
OM

OMin
BC

total (3)

where OMBC is the OM internally mixed with BC determined
by the SP2 measurement, OMtotal is the total OM measured by
the AMS.
The number concentrations and size distribution of

submicron particles were measured by a fast response
differential mobility spectrometer (DMS500, Cambustion
Ltd., Cambridge, U.K.). The soot calibration was performed
using a bimodal agglomerate matrix to invert the data.60

Gaseous emissions in the flue were measured by a Gasmet Dx-
4000 Fourier Transform Infrared (FTIR) spectrometer
(Temet Instruments OY, Finland) before the second stage
dilution and by a Testo 340 analyzer (Testo INC, Lenzkirch,
Germany) after the second stage dilution (Figure S1). A
number of thermocouples were deployed to measure the
temperatures of the flue gas and different positions of the
firebox. Two Dekati dilutors (DI-1000, Dekati Ltd., Finland)
were placed in series before the AMS and SP2 measurement,
giving a third stage of dilution with compressed air (Figure
S1). The dilution ratio was nominally set to 100, although this
was subsequently found to vary as material collected on the
first stage nozzle over the course of the experiment. Due to this
and the uncontrolled nature of the dilution from the flue to the
extraction tunnel, the dilution factor was derived by comparing
the total particle volume derived by the DMS500 (from the
flue) measurement and that obtained by the AMS and SP2
(after the two-stage dilutor) (Figure S3). This was applied to
obtain the undiluted concentrations. To investigate the
relationships between combustion conditions and emissions,
the MCE was used to indicate the efficiency of the burn, in
keeping with various atmospheric emission studies;10,13,61−63

however, recent studies on the highly controlled combustion of
small wood samples have suggested this may be overly
simplistic,32 as the pyrolysis emissions that occur prior to the

Figure 1. Time series of inorganic aerosol (SO4
2−, NO3

−, NH4
+, and Cl−) concentrations, oxygen volume concentrations, the particle number

concentrations, temperature of the flue, modified combustion efficiency (MCE), OM, and BC mass concentrations for an experiment (in this case
dry oak using Carbonzero stove), with the timing of refilling the fuels and an indication of the defined burning phases.
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local ignition of the fuel may be very significant. The
temperature and oxygen measured in the flue were also used
as references for combustion conditions. The data from all
instruments were averaged to 1 min for the convenience of
intercomparison between the different measurements.
The emission ratios (ER) of number concentration of

particles with aerodynamic diameter less than 1 μm (PN1),
PM1 (organics, inorganics and black carbon), OM and BC are
normalized to excess CO (i.e., ERx = ΔX/ΔCO, X is the
emitted species) to track the relative abundance of the species.
The data were not used in this analysis if the OM or BC
concentrations were lower than 0.04 μg m−3 as the low number
included in the coating calculation introduced a large
uncertainty. BC mass loadings from charcoal combustion
emissions were below 0.04 μg m−3 for most of the time and are
thus not included in the data analysis.

■ RESULTS

Real-Time Measurements Resolving Burning Cycle.
Figure 1 shows an example of one experiment demonstrating
the time series of emissions during burning phases with
sequential addition of fuel. The other experiments are shown in
SI Figure S4.
As Figure 1 shows, for each burning cycle, OM emissions

peaked immediately after fuel addition, which in general
correlated with a lower MCE and may be mainly from the
pyrolysis process followed by the flaming-dominated phase
with a high MCE, consistent with Haslett et al.32 BC and
inorganic particle components peaked at high MCE and
temperature, and the MCE dropped each time the fuel refilled
as more charcoal accumulated. The non-BC inorganic
components (SO4

2−, NO3
−, and NH4

+) only contributed to
a small mass fraction of the total PM (∼5−10%).
There were some differences in other combustion cycles,

shown in Figure S4, depending on the fuel and stove used. In
the charcoal combustion experiments, the smoldering phase
continued through most of the burning cycle and gave
dominant emissions of OM and minimum BC. The emissions
from solid fuel combustion in the heating stove showed
different features, and in most cases, it was not possible to
distinguish the burning phases. With the pellet combustion
using the Lucia stove, a high correlation between the OM and
BC was observed, indicating that pyrolysis and flaming
overlapped during the combustion cycle. In addition, the
Lucia stove combustion showed a good performance with

stable high MCE and produced a relatively lower proportion of
OM compared to the others.
Measurements of the number size distribution of dry fuels

show a bimodal distribution, whereas that of wet fuels was
unimodal (Figure S5(a)). The two dry fuel modes may well
arise from different burn phases. The average BC core size
distribution are very consistent between the different burns
(Figure S5(b)).
Figure S6 illustrates the general decreasing trend of OM

mass fraction in total carbonaceous particles OM/(OM + BC)
with increasing MCE for all combustions. Apart from the
heating stove with coal and Gyapa with dry and wet oaks, the
fraction of organic to total carbonaceous species was almost
unity for MCE < 0.85. For most of the fuels (apart from pine),
the OM fraction started to drop substantially when MCE >
0.85, reducing to around 0.1 when MCE was close to 1. This
indicates that above a critical point of MCE, the combustion
started to emit a significant amount of BC compared to OM,
but below this MCE threshold the OM fraction tended to be
higher for most of the fuels but also depended on the stove
types. Considering all combustions, at a given MCE, a large
variation in OM fraction was observed across the range of
different stoves and fuels. This means a single parameter of
OM fraction or MCE is unable to fully describe the burning
phases in the real world. For this reason, this study uses the
MCE as the reference parameter for emission characterization,
but does not attempt to unambiguously identify burning
phases.

Oxygenation of OM. The degree of oxygenation of OM,
as indicated by the fraction of m/z 44 (CO2

+) in the total
organic mass spectra ( f44),64 was evaluated against MCE and
the ER of OM. For the measurements of OM compositions at
the source, changes in f44 are more likely to reflect the effects
of combustion processes rather than subsequent oxidation
because of the short aging time involved. However, not only
the combustion efficiency, but also the stove types, fuel species,
and moisture content may cause the varying f44. The
correlation between f44 and MCE, shown in Figure 2 (left
panel), appears to be highly dependent on both stove and fuel
type. For the dry oak fuel in the Carbonzero and Gyapa
cookstoves, the correlations between f44 and MCE were
negative (r = −0.36 and −0.58). However, for the wet oak in
the Carbonzero cookstove, the positive correlation was weak (r
= 0.24), whereas in the Gyapa stove, a high negative
correlation (r = −0.82) was observed. For the combustion
cycles in the heating stove, the relationship between f44 and

Figure 2. f44 versus MCE for each combustion cycle (left panel). ΔOM/ΔCO versus f44 for each combustion cycle (right panel).
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MCE showed dependence on fuel type with a positive
correlation for willow log and pine (r = 0.46 and 0.41,
respectively), whereas a negative correlation was observed for
coal (r = −0.38).
Despite the limited dependence upon the MCE, f44 reveals

a notable relationship with ΔOM/ΔCO over all fuel types.
Figure 2 (right panel) shows a near exponential decrease in
ΔOM/ΔCO with a wide range of f44 from around 0.02 up to
0.30 depending on the stoves and fuel types. A range of ΔOM/
ΔCO ratios exhibited an f44 value lower than 0.05, while
ΔOM/ΔCO does not exceed 0.20 when f44 is greater than
0.05. The dry fuels tended to have a larger value of f44
compared to wet fuels, indicating that the moisture content of
fuel not only affect the magnitude of OM emissions but also
the oxidation level of OM.
BC Core Size. Figure S7 shows the mass median diameter

(MMD) of BC cores as a function of MCE for each
experiment. The MMD of average BC mass size distribution
for Carbonzero and Gyapa cookstoves show BC core MMD of
188.5 ± 13.6 and 155.1 ± 27.1 nm for dry oak and wet oak,
respectively, and these values are independent of MCE (r < 0.1
and 0.4 for Carbonzero and Gyapa cookstoves, respectively).
The dependence of MMD on MCE is only found in the
heating stove, especially for coal combustion (r = 0.94). This
suggests a relatively uniform BC core size for cookstove
emissions. The difference of the dependence of MMD on
MCE for cookstoves and heating stove may be due to the
designs of the stoves, e.g., the heating stove burns fuels in a
sealed combustion chamber, whereas the cookstoves are open,
thus the residence time of combustion gases in the heating
stove may be longer than that in cookstoves, which may cause
more significant coagulation of particles in the chamber of the
heating stove.
The moisture of fuels only slightly affected the BC core size,

such as the MMD of dry oak and willow stick (180.5 ± 18.1
nm), which was slightly larger than that of wet oak (∼160 nm)
emissions (p-value <0.001). The coal-emitted BC had the
largest and widest range of BC core size (223.8 ± 53.8 nm),
and its core MMD was strongly correlated with MCE. This
may be consistent with the highly positive correlation between
the emission ratios of BC and MCE observed for coal, which
may result in the strongest self-coagulation effect of BC for
coal combustion. BC particles from the heating stove with coal
combustion were mostly emitted when MCE > 0.95, so the
averaged MMD ≈ 244 nm at MCE > 0.95 was representative
for the majority of BC mass from coal combustion. For the
Lucia stove, the BC core MMD was ∼190 nm with high MCE,
though MMD was ∼100 nm with a minor contribution of total
emitted BC mass.
OM Internally and Externally Mixed with BC-

Containing Particles. The coatings on BC are mainly
composed of OM, as sulfate and nitrate only accounted for less
than 8% of total mass. Figure S8 shows Fin as a function of
OM/(OM + BC) and MCE. Except for wet oak, Fin shows a
significant decrease with OM/(OM+BC) from 0.02 to 0.40 for
different fuel types, as shown in Figure S8(a). When OM/
(OM + BC) exceeded 0.40, most BC-containing particles
comprised less than 40% of the total OM except for a few
particles with more than 40% of the total OM. With increasing
MCE, Fin increased from almost no OM internally mixed with
the BC (Fin = 0) to nearly all OM coated on BC particles (Fin =
1), as shown in Figure S8(b). When MCE was larger than 0.95,
a wide range of Fin from about 0.1 up to 1 was observed. The

positive correlation between Fin and MCE implies that during
efficient burning, the OM emissions are mostly mixed with
high BC emissions. Conversely during periods of inefficient
burning when OM emissions are high and there is little BC,
nearly all the OM is externally mixed with BC particles. A
further comparison was performed with the BC coating
measurement (see below) to validate the measurement of
OM mixed with BC.
Figure 3 reveals the average Fin separated into high (>0.95)

and low (<0.95) MCE periods. More than half of the OM was

coated on the BC particles when MCE > 0.95 during the dry
oak and coal experiments, whereas approximately 20% and
12% of the total OM was coated on the BC when MCE < 0.95
for dry oak and coal, respectively. The fuel with higher
moisture tended to have a lower Fin at the same MCE
compared to drier fuel due to the higher OM emission factors.
In the heating stove, the coal combustion has higher Fin due to
the higher BC mass emission ratio.

Mixing State of BC. While the OMBC/rBCbulk ratio does
not show consistent correlation with MCE in this study, a
certain correlation between the ratio and the OM fraction
(OM/(OM + BC)) has been observed, as shown in Figure 4
(left panel). The ratios were mostly lower than 1 when the OM
fraction was lower than 0.9; the ratios started to significantly
increase when the OM fraction was larger than 0.9, e.g.,
reaching up to 5 in the cookstoves and 10 for the heating stove.
Emissions from the wet fuel had a higher OM fraction than the
dry fuel and thus exhibited a higher OMBC/rBCbulk ratio. For
an OM fraction larger than 0.9, the OMBC/rBCbulk ratio for the
heating stove was much higher than that in the cookstoves,
which may be because the dynamics in the enclosed
combustion space facilitated the coating process of BC with
a higher local concentration of organic vapor.
Figure 4 (right panel) shows that regardless of stoves and

fuels, the f44/f43 ( f43, which the dominant organic ion is
C2H3O

+, denotes the fraction of m/z 43 in the total organic
mass spectra) increased with decreased OMBC/rBCbulk ratios in
all cases except for the Lucia stove. When the OMBC/rBCbulk

Figure 3. Average ratios of internally mixed OM to total OM (Fin) for
each stove and fuel type for MCE > 0.95 and MCE < 0.95. The Lucia
stove with pellet fuel is not shown here as the OM was completely
coated on the BC particles due to the high BC mass loading and
efficient combustion. The error bar shows the standard deviation.
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ratios were lower than 1, there was a wide range of f44/f43
(larger than 1) and the high OMBC/rBCbulk ratios only arose
when f44/f43 < 1. As the combustion process for the Lucia
stove is different from the others, which have a pyrolysis stage
during the combustion cycle, the OMBC/rBCbulk ratio of the
Lucia stove emissions shows near constant of below 1 and no
relationship with either OM fraction or f44/f43, suggesting no
enhancement of light absorption results from the BC-
containing particles emitted from this kind of stove.

■ DISCUSSION

With the combination of the AMS and SP2 online measure-
ments, the temporal variability and mixing state of OM and BC
over a course of combustion has been observed during
different burning phases using a range of cook stoves and fuels.
The results here consistently showed an overlap among the
phases under the operating conditions unlike those that were
observed during more controlled combustion revealing
distinguishable burning phases.31,63 Many studies have used
MCE to identify burning phases,62,63 however the results here
show that while trends exist, it is not a complete description,
partly because the pyrolysis stage emits large amounts of OM
but is not directly represented by a combustion metric.32

These experiments found that more complete combustion
emitted less OM that was also more oxidized. While m/z 44 is
widely used as an indicator of secondary or aged OM, this
shows that primary OM from wood burning exhibits a
significant range of f44.27,32 For all the cookstoves tested,
negative correlation between f44 and MCE is shown in Figure
2, consistent with the findings of Weimer et al.9 In contrast,
positive correlations between f44 and MCE from log and pine
combustion were observed in a multifuel heating stove, which
may be due to the dominance of hydrocarbon fragments at
high MCE. In spite of the difference between f44 and MCE
among the fuel and stove types,61 a near exponential decline in
ΔOM/ΔCO with increased f44 has been observed in most of
the combustion cycles. This is consistent with previous studies
where during high MCE, the sufficient supply of oxygen will
lead to more oxidation of organics.61,65 At lower MCEs, the
OM emissions were high and the OM was mainly composed of
less-oxygenated species, but this differed among fuel types.61

The relationship between ΔOM/ΔCO and f44 does show
some inconsistency, including the contrasting thresholds

between regimes of high and low OM production between
different type of fuels and stoves. This is again likely related to
the fact that, as found by Haslett et al.,32 the large emissions
from preignition pyrolysis are not related directly to MCE.
The source profile of BC is fundamental to any detailed

model when estimating its atmospheric lifetime because mixing
state influences loss processes such as in-cloud scavenging.
Many global models assume the same BC size for all types of
residential solid fuel sources,37,66 which is consistent with the
cookstove data here. However, caution must be taken, as for
example, for emissions from the heating stove, the BC core size
was dependent on the MCE. The BC concentrations in the
heating stove may be important in determining its core size
because of the closed combustion chamber. This indicates that
combustion in the heating stove during high MCE tends to
produce particles with larger BC core size than during low
MCE. In general, the intense combustion impedes the efficient
transport of oxygen into the flame zone,67 resulting in the
formation of large amounts of small rBC particles. However,
since the coagulation rate of particles is approximately
proportional to the square of their concentrations,68 the
growth of rBC particles was consequently rapid under high
concentrations. In combination with that, the small rBC
monomers might easily form agglomerates during high MCE
driven by the internally mixed OM when the temperature of
flame drops, corresponding to a larger fraction of OM
internally mixed with BC. This process may take place in
seconds, which occurs too fast to be achievable in ambient
measurements.
The mixing state of BC and OM is frequently assumed to be

uniform from all sources,38 and BC is assumed completely
externally or internally mixed with coemitted species.38,69−71

Moreover, the mixing state of BC in models largely relies on
the organic carbon (OC)/ elemental carbon (EC)72 or OM/
BC ratio and assumes that all of the coemitted primary OM is
internally or externally mixed with BC instantaneously after
emission,70,71 which is likely to overestimate or underestimate
the effect of BC-containing particles on radiative forcing.70

There are numerous different fuels and stoves in actual use
emitting BC and OM in potentially different mixing state.
However, for the complicated dynamics in burning processes
presented, the amount of primary OM emitted as internally or
externally mixed with BC shows a certain relationship with
MCE. Among combustion events in this study, it was found

Figure 4. OMBC/rBCbulk as a function of the OM/(OM + BC) ratios (left panel). The OMBC/rBCbulk as a function of f44/f43 ratios (right panel).
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that between 20% and 100% of OM particles contained
significant rBC when MCE > 0.95, which should be considered
to be internally mixed with BC. When MCE < 0.95, only about
20% of the total OM was internally mixed with BC. These
ratios might be useful for improving the accuracy of models in
estimating the impact of the mixing state of BC and OM on
climate radiative forcing for the regions where the solid fuel
combustion from the cookstoves dominates the contributions
of carbonaceous species.
The extent to which optical absorption from BC can be

theoretically enhanced via lensing, is determined by the mass
ratio of non-BC and rBC within a single particle.35 Liu et al.35

found that when this ratio was greater than 3, particles
displayed an absorption enhancement (Eabs) of BC. Our results
show a certain consistency that when the OM fraction (OM/
(OM + BC)) < 0.9, our bulk OMBC/rBCbulk measurement was
less than 1 meaning the BC may have not been significantly
coated, so would not result in an absorption enhancement.
When the OM fraction >0.9, we found OMBC/rBCbulk was
often >3, meaning there is more likely to be a BC absorption
enhancement from solid fuel combustion. An OM fraction of
0.9 may therefore be used as a threshold value in models to
determine whether the absorption enhancement of BC from
solid fuel burning will occur or not. The extent to which the
absorption is enhanced also depends on the specific fuel type
and stove design. The BC emitted from a cookstove may have
a lower Eabs compared to the heating stove due to the lower
OMBC/rBCbulk ratios. In addition to the effect of the amount of
the OM emissions, the oxidation level of OM could also be an
indicator of the magnitude of the OMBC/rBCbulk based on f44/
f43, which is related to the volatility of oxygenated organic
aerosol (OOA).73 As the non-BC materials in the BC-
containing particles mainly comprise OOA,74 the consistency
in the negative correlation between OMBC/rBCbulk and f44/f43
ratios among the fuels suggests that the internally mixed OM is
likely to be less oxidized and more semivolatile (low f44/f43)
for those thickly coated BC, consistent with a large fraction of
OM being less volatile when OM emission was high (Figure
2).
The correlation of the OM fraction and f44/f43 with OMBC/

rBCbulk ratios derived in this study indicates that the ratio of
OMBC and rBCbulk from solid fuel emissions depends not only
on the OM fraction but also on the oxygenation level of OM.
Our results will help to assess the benefits of reduction in BC
from cookstoves and so aid mitigation strategies in the future.
While this study provides new insight into the combustion
processes, we should stress that the results should be treated as
indicative for use in models and more authoritative data will
require more work, specifically repeat experiments with other
fuel types, stove designs and with a more explicit simulation of
cooking activity (e.g., inclusion of a cooking pot).
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Sensitivity of aerosol radiative effects to different mixing assumptions
in the AEROPT 1.0 submodel of the EMAC atmospheric-chemistry−
climate model. Geosci. Model Dev. 2014, 7 (5), 2503−2516.
(71) Wiedinmyer, C.; Akagi, S.; Yokelson, R. J.; Emmons, L.; Al-
Saadi, J.; Orlando, J.; Soja, A. The Fire INventory from NCAR
(FINN): a high resolution global model to estimate the emissions
from open burning. Geosci. Model Dev. 2011, 4 (3), 625.
(72) Turpin, B. J.; Saxena, P.; Andrews, E. Measuring and simulating
particulate organics in the atmosphere: problems and prospects.
Atmos. Environ. 2000, 34 (18), 2983−3013.
(73) Ng, N. L.; Canagaratna, M. R.; Zhang, Q.; Jimenez, J. L.; Tian,
J.; Ulbrich, I. M.; Kroll, J. H.; Docherty, K. S.; Chhabra, P. S.;
Bahreini, R.; Murphy, S. M.; Seinfeld, J. H.; Hildebrandt, L.;
Donahue, N. M.; DeCarlo, P. F.; Lanz, V. A.; Prev́ôt, A. S. H.;
Dinar, E.; Rudich, Y.; Worsnop, D. R. Organic aerosol components
observed in Northern Hemispheric datasets from Aerosol Mass
Spectrometry. Atmos. Chem. Phys. 2010, 10 (10), 4625−4641.
(74) Cappa, C. D.; Onasch, T. B.; Massoli, P.; Worsnop, D. R.;
Bates, T. S.; Cross, E. S.; Davidovits, P.; Hakala, J.; Hayden, K. L.;
Jobson, B. T.; Kolesar, K. R.; Lack, D. A.; Lerner, B. M.; Li, S.-M.;
Mellon, D.; Nuaaman, I.; Olfert, J. S.; Petaj̈a,̈ T.; Quinn, P. K.; Song,
C.; Subramanian, R.; Williams, E. J.; Zaveri, R. A. Radiative
Absorption Enhancements Due to the Mixing State of Atmospheric
Black Carbon. Science 2012, 337 (6098), 1078−1081.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b00456
Environ. Sci. Technol. 2018, 52, 10134−10143

10143

http://dx.doi.org/10.1021/acs.est.8b00456


S1 

 

SUPPORTING INFORMATION 1 

The Mixing State of Carbonaceous Aerosols of Primary Emissions from ‘Improved’ 2 

African Cookstoves. 3 

Yuchieh Ting
†
, Edward J.S. Mitchell

‡
, James D. Allan

†,§,*
, Dantong Liu

†
, Dominick V. 4 

Spracklen
¶
, Alan Williams

‡
, Jenny M. Jones

‡
, Amanda R. Lea-Langton∥, Gordon McFiggans

†
, 5 

Hugh Coe
†
 6 

†
School of Earth and Environmental Science, University of Manchester, M13 9PL, 7 

Manchester, UK 8 
‡
School of Chemical and Process Engineering, University of Leeds, LS2 9JT, Leeds, UK 9 

§
National Centre for Atmospheric Science, University of Manchester, M13 9PL, Manchester, 10 

UK 11 
¶
School of Earth and Environment, University of Leeds, LS2 9JT, Leeds, UK 12 

∥School of Mechanical, Aerospace and Civil Engineering, University of Manchester, M13 13 

9PL, Manchester, UK 14 

 15 

Corresponding Author 16 

*E-mail: James.Allan@manchester.ac.uk. 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

Total Pages: 25 26 

Number of Figures: 8; Number of tables: 2 27 



S2 

 

SI CONTENTS 28 

Sampling Configuration and Testing Method ................................................................... 3 29 

Stove and Fuel Specifications ............................................................................................. 5 30 

Data Analysis of Aerosol Mass Spectrometer .................................................................... 8 31 

Correction of Silicone Tubing Contamination ................................................................... 8 32 

The Calibration of Single Particle Soot Photometer .......................................................... 9 33 

Emission ratios .................................................................................................................. 19 34 

References.......................................................................................................................... 23 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

57 



S3 

 

Sampling Configuration and Testing Method 58 

Each cookstove was placed on an electronic platform scale (Kern DE 300K5DL) inside a 59 

customised firebox with dimensions of 750 by 750 mm with a height of 1330 mm. The 60 

firebox was designed to allow symmetrical inflow of ambient air through 130mm high space 61 

through the bottom of the firebox to the bed and to the main combustion zone. There is 62 

evidence that enclosing the stove with forced extraction may affect the combustion conditions 63 

– this was an issue in the development of the Water Boiling Test protocol (WBT).
1
 However, 64 

our firebox was open at the bottom for the flow of the air into the firebox allowing for 65 

unforced draft conditions and unimpeded combustion. Some of the air that entered the firebox 66 

flowed up to the combustion chamber, and some air circulated around the hot stove due to 67 

natural convection (first stage dilution). The air and combustion gases exited the flue from 68 

the firebox and then entered a small hood on the extraction duct (second stage dilution). The 69 

third stage of dilution for the AMS and SP2 was the two Dekati dilutors placed in series 70 

before the measurements.  71 

  The dimensions of the combustion chamber of the heating stove are 250*270*190mm 72 

(height*width*depth) with a single primary supply of ambient air under the grate manually 73 

controlled by a damper. The test system of the heating stove was based on BS EN 13240, as 74 

described in detail by Mitchell et al.
2
 A 1m insulated flue with a diameter of 125 mm allowed 75 

sampling of primary combustion emissions without dilution, as shown in Figure S1. The 76 

testing method applied was essentially the WBT protocol, except for not using a cooking pot. 77 

The testing end point for each batch was typically where the CO concentration dropped to 78 

within the measurement error of the FTIR, since CO spikes to a maximum at the end of test 79 

when other pollutants are reducing. 80 

 81 
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 82 

Figure S1. The schematic of the experimental system. 83 
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Stove and Fuel Specifications 85 

The Carbonzero stove, with higher efficiency and reduction in the amount of the fuel required 86 

compared to the traditional three-stone fires,
3
 is an improved rocket-type cook stove designed 87 

to burn wood and widely used in Kenya, Uganda and Tanzania 
4-6

. The Gyapa stove is a fuel-88 

efficient charcoal burning cook stove widely used in Ghana.
7
 The design enables the 89 

reduction of the amount of the charcoal needed for cooking.
8
 The Lucia stove was designed 90 

to be a fuel-efficient and low- emission ‘carbon negative’ stove,
9
 and to be able to produce a 91 

consistent temperature with no need to refuel during a cook time using wood pellets.
10

 The 92 

mass of the pellets was derived from the stove instructions, which require it to be filled with 93 

pellets from the base to 1 inch below the top ring of holes. A number of Lucia stove designs 94 

ranging in scale and complexity have been developed and one of the smallest and simplest 95 

designs is utilized here. A multi-fuel stove (Waterford Stanley Oisin, Ireland) was employed 96 

to explore the emissions of solid fuel combustion typically used for domestic heating in the 97 

UK, for the sake of comparison. The heating stove was designed to meet the current 98 

conditions for multi-fuel combustion.
11

 The types of the fuel used in corresponding stoves are 99 

shown in Table S1. The sizes of the oak and willow sticks were similar, with diameters and 100 

length ranging from 2 to 26mm and 89 to 181 mm respectively. Namibian charcoal used with 101 

the Gyapa stove meets the required standard for barbeques in the UK (BS EN 1860-2:2005). 102 

Wood pellets used in the Lucia stove were 6 mm in diameter with a maximum length of 23 103 

mm. 104 
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 111 

Table S1. The moisture, batch mass and the number of loading for all fuels correspond to the stoves. 112 

 

CarbonZero Cookstove Gyapa Cookstove Heating stove 
Lucia 

Cookstove 

Oak 

stick 

(dry) 

Oak 

stick 

(wet) 

Willow 

stick 

(dry) 

Oak 

stick 

(dry) 

Oak 

stick 

(wet) 

Charcoal 
Willow 

log 
Pine Coal Wood pellet 

Moisture (%) 5.1 27.9 5.6 5.1 27.9 3.1 18.5 7.0 7.2 6.5 

Volatile 

matter (% dry 

basis) 

87.1 82.1 82.6 87.1 82.1 16.0 89.0 86.1 39.7 85.5 

Ash (%dry 

basis) 
1.4 1.6 1.7 1.4 1.6 13.5 0.1 0.1 4.2 0.4 

Batch mass 

(g) 
80-100 

100-

120 
60-80  

190-

200 

190-

200 
450 800-900 1000 1000 70 

Number of 

loading times 
15 6 12 3 3 2 3 1 1 1 

 113 
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          a.                                  b.                                  c.                                  115 
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                                    d. 117 

       118 

Figure S2. The residential stoves were used in this study. a) Heating stove. b) Carbonzero cookstove. 119 

c) Gyapa cookstove. d) Lucia stove.10 120 

121 
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Data Analysis of Aerosol Mass Spectrometer 122 

For the analysis of the Aerosol Mass Spectrometer (AMS) data, a collection efficiency (CE) 123 

value of 1 was used and the concentrations of the particulate OM and mass spectra were 124 

averaged as the ensemble of PM1 with a time resolution of 30 seconds. Although there has 125 

been no comprehensive assessment of the collection efficiency for solid fuel combustion, the 126 

CE of 1 has been widely used in previous studies regarding solid fuel combustion from 127 

residential stoves,
12-14

 and a reasonable agreement and linear correlations with other 128 

measurements were obtained. The cToF-AMS data were analyzed using standard ToF-AMS 129 

analysis toolkit software package (SQUIRREL, SeQUential Igor data RetRiEval) v1.57 130 

within Igor Pro (Wavemetrics). The signal from gas-phase CO2 can be detected by the AMS 131 

to interfere with the contributions of OM at m/z 44.
15

 To account for this, the fragmentation 132 

table was altered by applying CO2 concentrations measured in the flue and accounting for 133 

dilution.
15

 Anhydrous sugars such as levoglucosan, which are thermal decomposition 134 

products of cellulose and are found in biomass burning particles have been shown to produce 135 

significant mass peaks at m/z 60 and 73.
16

 Signals at m/z 73, 147, 207, 221 and 281, which 136 

are known as signatures for siloxane, were clearly observed in the mass spectra, which were 137 

considered to be contaminated by conductive silicone tubing
16, 17

 used in the sampling 138 

configuration. The influence of the tubing contamination must therefore be removed from the 139 

levoglucosan retrieval. Details for the correction of the silicon tubing effect are shown as 140 

below. 141 

Correction of Silicone Tubing Contamination 142 

There are two potential artefacts using silicon tubing for aerosol sampling experiments. One 143 

is the CO2 uptake effect which was nominal as the tubing length is shorter than 15.2 m.
17

 144 

Another artefact is siloxane, which has been identified as the key constituent of 145 
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contamination emitted from the silicone tubing. This study only took the siloxane artefact 146 

into account as the tubing length used in the experiments was much shorter than 15.2 m.  147 

  In this study, the abnormally high signals at m/z 73 and 147 with lower signal at m/z 60 148 

were observed in most combustion cycles compared to that of Levoglucosan, and this was 149 

most significant during the flaming phase, indicating that most of m/z 73 was contributed by 150 

silicone tubing contamination. During the pellet combustion there were no signals at m/z 60 151 

but the signals at 73 and 147 were high and it was assumed that these two signals were totally 152 

contributed by the siloxane. The ratio of signals at m/z 73 and m/z 147 from pellet 153 

combustion emissions during the flaming phase is 5.07:1, which was then applied to the mass 154 

spectra signals for the correction of the silicone tubing contamination. The derived mass 155 

spectra of combustion cycles using oak fuels showed no signal at m/z 73, which was not 156 

consistent with previous studies of the tracer of levoglucosan.
16, 18

 The ratio of m/z 60 and 73 157 

(1:0.28) observed in the mass spectrum of levoglucosan was applied to account for this and 158 

fully remove influence of the contamination from silicone tubing. The methodology of 159 

performing the modification of the fragmentation table has been described in detail by Allan 160 

et al. 
15

 161 

The Calibration of Single Particle Soot Photometer 162 

  Regarding the analysis of Single Particle Soot Photometer (SP2) data, monodisperse 163 

polystyrene latex spheres were used to calibrate the scattering signal and monitor the 164 

intensity of the laser power. The SP2 incandescence signal was calibrated for BC mass using 165 

Aquadag® black carbon particle standards (Aqueous Deflocculated Acheson Graphite, 166 

manufactured by Acheson Inc.) and corrected for ambient BC with a factor of 0.75.
19, 20

 167 

 168 
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Figure S3. Particle volume derived by DMS (vol_DMS) and AMS+SP2 (vol_AMS+SP2). Dilution 174 

factors derived by the ratios of vol_DMS/vol_AMS+SP2 for each combustion cycle. 175 
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Figure S4. The time series of inorganics (SO4
2-

, NO3
-
, NH4

+
 and Cl

-
), oxygen, particle number 185 

concentrations, temperature, MCE, OM and BC for all experiments. Carbonzero cookstove: a) Wet 186 

oak, b) willow stick. Gyapa cookstove: c) dry oak, d) wet oak, e) charcoal. Heating stove: f) willow 187 

log, g) pine, h) coal. Lucia stove: i) pellet. 188 

189 
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Figure S5. a) Averaged particle number size distribution (left plot) and volume size distribution (right 192 

plot) over the full combustion cycle for each of the stoves and fuels. b) Averaged BC particle number 193 

size distribution (left plot) and BC core size distribution with the dotted line showing the MMD over 194 

each combustion cycle. 195 
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Figure S6. The ratios of OM/(OM+BC) as a function of MCE in different stoves using different fuels. 197 
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Figure S7. The mass median diameter (MMD) of BC cores for all combustion cycles as a function of 199 

MCE; r denotes the correlation between BC core MMD and MCE. The average MMD ± standard 200 

deviation for Carbonzero cookstove: 190.2 ± 13.8 (dry oak), 153.4 ± 29.9 (wet oak) and 180.5 ± 18.1 201 

(willow stick); Gyapa cookstove: 183.5 ± 12.2 (dry oak) and 161.2 ± 11.4 (wet oak); heating stove: 202 

162.5 ± 26.9 (willow log), 161.0 ± 37.9 (pine) and 223.8 ± 53.8 (coal); Lucia stove: 145.5 ± 40.8 203 

(pellet). 204 

 205 

206 
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Emission ratios 207 

Table S2 shows the emission ratios (ER) of PN1 and BC mass normalised to CO averaged 208 

over each combustion cycle. An average ER was reported for periods when MCE was high 209 

(>0.95) and low (<0.95) for each parameter. This was selected as a generally representative 210 

threshold with different emission characteristics (Figure 3). The emission factors showed 211 

positive correlations with the MCE when the MCE was higher than 0.95, whereas the EF was 212 

nearly constant when the MCE was lower than 0.95.  213 

  For the emissions from the carbonzero and gyapa cookstoves at MCE>0.95, ∆BC/∆CO 214 

ratios from dry oak emissions reach 0.89 and 1.03 µg m
-3

 ppb
-1

, whereas those from wet oak 215 

emissions are only 0.02 and 0.03 µg m
-3

 ppb
-1

. The distinct ∆BC/∆CO ratios for oak fuels 216 

with different moistures are because the CO emission fraction (∆CO/Total ∆CO) vastly 217 

dominated at a lower MCE, i.e. larger fraction of CO emissions were emitted from wet oak 218 

compared to that from dry oak combustion. This also causes the emission ratio difference for 219 

other species, such as ∆PN1/∆CO ratios that are 755.8 and 963.5 cm
-3

 ppb
-1

 for dry oaks 220 

during the period of MCE>0.95 compared to 249.6 and 572.0 cm
-3

 ppb
-1

 for wet oak, 221 

indicating that the higher moisture of the fuel leads to lower ∆PN1/∆CO. The BC/OM ratios 222 

are 8.51 and 11.28 µg m
-3

 ppb
-1

 for dry oak, while only 0.24 and 0.20 µg m
-3

 ppb
-1

 for wet 223 

oak. This suggests the relative contribution of BC compared to OM is greater at lower 224 

moisture content.  As for the ER of particulate emissions from both cookstoves at MCE<0.95, 225 

the ER for dry oak shows big differences from that when MCE>0.95, whereas the ER for wet 226 

oak at MCE<0.95 is close to that at MCE>0.95, indicating that the water content of fuels has 227 

an impact on the ER even at the same MCE. 228 

  For the heating stove, the ER of the willow log and pine are similar. This may result from 229 

similar characteristics of both types of wood or the fuel-independent emissions from the 230 
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heating stove. Coal emissions, however, showed an extremely high ∆BC/∆OM of 34.40. The 231 

∆PN1/∆CO ratios for heating stove emissions are lower than cookstoves since the CO 232 

emissions from heating stoves are much higher than those from cookstoves especially so 233 

when burning coal. Nevertheless, the emitted number concentrations of particles from the 234 

heating stove are still high. Overall, the ∆PN1/∆CO and ∆BC/∆CO for the Lucia stove are 235 

highest, but this is largely just the result of extremely low CO emissions resulting from a 236 

consistently high MCE. 237 
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Table S2. Emission ratios (ER) of PN1 and BC normalised to CO. All results are classified by an MCE threshold of 0.95. The proportion of CO enhancement, OM and 

BC emitted during each of the high and low MCE periods compared to the total over the burn is also shown as the ratio of BC to OM - ∆BC/∆OM. 

Stove and 

fuel 

∆PN1/∆CO 

(cm-3 ppb-1) 

 ∆BC/∆CO 

(mg m-3 ppb-1) 

 ∆OM/∆CO 

(mg m-3 ppb-1) 

 ∆CO/Total ∆CO 

(%) 

 ∆BC/Total ∆BC 

(%) 

 ∆OM/Total ∆OM 

(%) 

 ∆BC/∆OM ∆CO 

(ppb) 

MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 MCE>0.9

5 

MCE<0.9

5 

 

Carbonze

ro 

                 

Oak stick 

(dry) 

755.8 ± 

421.5 

164.9 ± 

66.9 

 0.89 ± 

0.78 

0.10 ± 

0.10 

 0.10 ± 

0.06 

0.04 ± 

0.03 

 45.3 54.7  86.2 13.8  61.0 39.0  8.51 ± 

3.29 

2.50 ± 

2.27 

342.17 

± 

257.96 

Oak stick 

(wet) 

249.6 ± 

166.6 

224.8 ± 

94.2 

 0.02 ± 

0.03 

0.01 ± 

0.01 

 0.10 ± 

0.08 

0.07 ± 

0.06 

 28.6 71.4  41.8 58.2  18.1 81.9  0.24 ± 

0.38 

0.12 ± 

0.16 

315.92 

± 

211.27 

Willow 

stick 

460.4 ± 

180.4 

84.2 ± 

73.8 

 0.41 ± 

0.25 

0.05 ± 

0.06 

 0.11 ± 

0.05 

0.05 ± 

0.09 

 36.0 64.0  87.4 12.6  48.4 51.6  4.19 ± 

2.07 

1.38 ± 

1.59 

380.27 

± 

276.29 

Gyapa                

Oak stick 

(dry) 

963.5 ± 

391.7 

254.1 ± 

155.8 

 1.03 ± 

0.66 

0.04 ± 

0.03 

 0.09 ± 

0.05 

0.03 ± 

0.04 

 26.1 73.9  87.6 12.4  47.7 52.3  11.28 ± 

4.15 

2.46 ± 

2.76 

537.85 

± 

482.41 

Oak stick 

(wet) 

572.0 ± 

111.4 

166.6 ± 

85.1 

 0.03 ± 

0.01 

0.02 ± 

0.01 

 0.27 ± 

0.20 

0.11 ± 

0.19 

 10.7 89.3  20.5 79.5  30.6 69.4  0.20 ± 

0.20 

0.46 ± 

0.41 

1085.5

8 ± 

493.07 

Charcoal 398.3 ± 

195.6 

49.3 ± 

30.1 

 14.32 ± 

7.18 

0.17 ± 

1.06 

 0.01 ± 

0.00 

0.00 ± 

0.00 

 1.2 98.8  51.6 48.4  6.1 93.9  0.23 ± 

0.10 

0.01 ± 

0.02 

1181.3

7 ± 

517.13 

Heating               

Willow log 116.2 ± 

32.1 

54.5 ± 

23.5 

 0.05 ± 

0.03 

0.01 ± 

0.03 

 0.02 ± 

0.01 

0.02 ± 

0.03 

 13.0 87.0  49.5 50.5  8.9 91.1  3.90 ± 

2.86 

0.48 ± 

1.08 

2984.6

4 ± 

1009.1

4 

Pine 172.6 ± 

135.8 

49.0 ± 

18.0 

 0.05 ± 

0.05 

0.02 ± 

0.03 

 0.05 ± 

0.04 

0.06 ± 

0.06 

 18.3 81.7  38.0 62.0  13.6 86.4  0.97 ± 

1.33 

0.54 ± 

0.83 

3005.7

3 ± 

1638.2

5 

Coal 203.3 ± 

94.5 

41.0 ± 

33.5 

 1.41 ± 

0.81 

0.01 ± 

0.02 

 0.04 ± 

0.02 

0.01 ± 

0.01 

 23.0 77.0  98.4 0.6  80.9 19.1  34.40 ± 

10.59 

3.18 ± 

2.29 

3185.6

6 ± 

2137.0

3 

Lucia               

Pellet 3848.7 ± 

3875.0 

92.3 ± 

69.9 

 2.94 ± 

3.30 

0  0.18 ± 

0.12 

0  50.4 49.6  100 0  100 0  22.28 ± 

11.10 

0 24.48 

± 

29.51 
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Figure S8. a) Fin as a function of OM/(OM+BC). b) Fin as a function of MCE. The Lucia stove with 

pellet fuel is not shown here as the OM was completely coated on BC due to the high BC mass 

loading. The r2 denotes the correlation between Fin and MCE at MCE>0.95. 
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Chapter 5 

Conclusions 

Carbonaceous aerosols in PM1, including OM and BC, contributed by wood 

burning have increasingly received attention from people in the world due to the 

association with adverse effects on human health and climate warming. Biomass 

burning emissions, especially in winter, have been identified to be major sources 

of the CM. Although there have been several analysis techniques to estimate their 

contribution to CM, the estimations of these methods exist in a certain degree of 

uncertainty due to the complexity of characterising the emissions from biomass 

burning. In this thesis, the causes of the uncertainties is investigated using a 

comprehensive suite of aerosol measurements conducted at an urban background 

site in London in order to better estimate the contribution of the biomass burning 

to the air quality. The wood burning pollution, typically the BC from this source 

in London during wintertime is investigated to give a comprehensive evaluation 

of source apportionment approaches. 

  China is one of the globally largest source of the BC particles not only from the 

biomass burning but also from a range of combustion sources. In addition, 

significant uncertainties exist regarding the BC particle burden at the regional 

scale in China, which complicates the assessments of the impact of the BC 

emissions upon regional climate and air quality. In this thesis, a state-of-the-art 

instrumentation was used to characterise the BC particles in the YR region in 

eastern China. The analyses presented here mainly focus on the identification of 

the potential sources of BC, with particular emphasis on the BC properties in the 

PM1 and the effects of the regional transport. 

  In addition to the importance of the characteristics of BC particles contributed by 

solid fuel burning in the atmosphere, the understanding of the properties of the BC 

particle from residential solid fuel burning is also essential as the household 

emissions considerably contribute to air pollutants, and also the emissions from 

residential sources is persistent. Furthermore, as the combustion of solid fuel 

burning adds more complexity of the properties of BC particles due to the 

different combustion mechanisms and the large fraction of co-emitted OM, the 

source profile of BC for climate models to estimate its atmospheric lifetime and 
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the subsequent aging process is needed. Due to the limitation of previous 

instrumentation, the variety of fuels and burning conditions, the profiles of BC of 

the solid fuel combustion emissions at source have been scarce and not applied in 

most of the models. In this thesis, the primary emissions from the cookstoves with 

a variety of the solid fuels burnt in the laboratory were therefore determined and 

investigated to provide an insight into the impact on human health and climate 

forcing. 

  The following sections will summarise the research findings, discuss their 

implications, and give the recommendations pertinent to the issues raised in this 

thesis for the future work. 

5.1 Summary of research findings 

A comprehensive suite of the measurements were conducted during wintertime, in 

2012, at an urban background site in London. Intercomparisons of the estimates of 

the source contributions from the different source apportionment techniques were 

presented in Section 4.1. Oxygenated organic aerosols (OOA) and the solid fuel 

organic aerosols (SFOA) were found to be the substances resulting in the 

difference between the attributions of BC contributed by biomass burning derived 

by Aethalometer model and SP2 techniques. The absorption Angstrom exponent 

for wood burning (αwb) was found that it was essential to be adjusted depending 

on the behaviours of biomass burning rather than assuming a constant for all the 

time. With the AMS-PMF, which can identify the contribution of individual 

sources to OA, and SP2-attributed BC, the contributions of the biomass burning to 

the CM were better estimated by the Aethalometer model, implying that the 

estimation of the contribution of biomass burning to the CM in the mostly 

previous studies was possibly be overestimated due to the non-biomass burning 

OA attributed to those contributed by the biomass burning. 

  While the first paper examined the impact of the aerosol constituents on the BC 

measurements of the instruments, the second served a metric to evaluate the 

effects of the particulate pollutants from possible shipping emissions and regional 

pollutants on the air pollution over the YangTze River in wintertime and explored 

the characteristics of BC using the state-of-the-art instrumentation as presented in 

Section 4.2. With specific attention to the BC measurements and gaseous 

pollutants in the Yangtze River region, it was found that the basin was influenced 
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by complex sources, such as shipping emission, power plants, surrounding 

industries and regional transport from the cities along the river. NOx and SO2 was 

found to be the important indicators identifying the highly polluted periods (HPP), 

which indicated more localized emission, e.g. mainly from shipping emission on 

the river or some local industry sources along the river. These HPP were found to 

correspond with high BC number concentrations, but have no apparent correlation 

with CO and PM1 due to the higher background level and the dominating 

secondary formation, respectively. For the region in the inner island, mostly 

influenced by terrain height and regional transport, and outer island, mainly 

influenced by easterly oceanic or westerly continental air mass, the core size of 

the rBC particles during the HPP decreased by 5.39-19.41% compared to those of 

the background. The BC with smaller core size at a mode of mass median 

diameter (MMD) of 120-180 nm was found to be contributed by the local sources, 

whereas a more consistent mode of MMD of ~200 nm was attributed to the mixed 

sources. Overall, the HPP, when the shipping emissions possibly dominated, 

increased the rBC number by 17.49-115.77% compared to those in the 

background, but less increase in rBC mass (5.62-51.19%) was found due to the 

smaller core size. The high consistency of the PM2.5 between the measurements 

on the Yangtze River and the official monitoring stations in the coastal cities 

showed that the regional transport of the particulate matter had a significant 

impact on the air pollution in this region. 

  As the results presented in Section 4.1 and 4.2 illustrated the complexity of the 

characteristics of the rBC particles emitted by solid fuel combustion, the 

characteristics of carbonaceous aerosols of the primary emissions from solid fuel 

combustion were investigated in the laboratory using three examples of 

‘improved’ cookstoves and a typical European heating stove as presented in 

Section 4.3. The results in this thesis showed that the modified combustion 

efficiency (MCE), a common metric used within the atmospheric emission 

community, was not a complete description, partly due to the large amount of OM 

emitted at the pyrolysis stage, which was not directly represented by a combustion 

metric. 

  It was found that the more complete combustion emitted less OM that was more 

oxidized. Although the difference between the degree of oxygenation of OM, as 

indicated by the fraction of m/z 44 in the total mass spectra (f44), and MCE 
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among the stove and fuel types was observed, a near exponential decline in 

ΔOM/ΔCO with increased f44 has been observed in most of the combustion 

cycles. The almost identical BC core size for the cookstove combustion cycles 

was presented in this work. However, the core size of the rBC particles emitted 

from the solid fuel combustion in the heating stove was dependent on the MCE. 

Combustion in the heating stove during high MCE tended to emitted particles 

with larger BC core size than that during low MCE. 

  For the complicated dynamics in combustion processes presented, a certain 

relationship between the mixing state of the carbonaceous aerosols and MCE was 

presented. Among the combustion cycles in this work, it was found that 20-100% 

of OM was internally mixed with rBC when MCE > 0.95 depending on the fuel 

and stove types. When MCE < 0.95, over 80% of the total OM existed without 

detectable rBC. The mass ration of non-BC, which was considered to be mostly 

composed of OM in this study, and rBC was investigated and showed a certain 

consistency with the OM fraction in PM1. When the OM mass fraction of PM1 > 

0.9, the bulk mass ratio of OM to rBC in BC-containing particles was often > 3, 

but only about 1 was observed when the OM mass ratio < 0.9. It was also found 

that the oxidation level of OM could be an indicator of the magnitude of the bulk 

mass ratio of OM to rBC in BC-containing particles based on f44/f43, which is 

related to the volatility of oxygenated organic aerosol (OOA). The internally-

mixed OM for those thickly coated BC particles was considered to be less 

oxidized and more semi-volatile.  

5.2 Implication and recommendation 

The main findings of this project could be summarized as: intercomparison of 

different source apportionment techniques, the characteristics of the emissions 

from complex sources at regional scale in eastern China and the properties of the 

carbonaceous aerosols from solid fuel combustion from cookstove. 

5.2.1 Evaluation of wood burning aerosols 

The results presented in Section 6.1 are based on the measurements of the Clean 

Air for London research project (ClearfLo, www.clearflo.ac.uk, Bohnenstengel et 

al. (2014)) during wintertime, when the London urban environment is significant 

influenced by solid fuel burning sources, e.g. wood burning for residential heating 

(Allan et al., 2010). This section shows that OOA can significantly affect the 

http://www.clearflo.ac.uk/
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Aethalometer measurements, which is consistent with the previous studies 

indicating that secondary organic aerosols comprise brown carbon (BrC) 

exhibiting the properties of light absorption at different wavelengths to an extent 

(Saleh et al., 2013, Wang et al., 2014a). In addition, the absorption Angstrom 

exponent for wood burning (αwb) is expected to be varied depending on the 

burning conditions, other non-traffic sources and fuel types rather that an 

assumption of a constant. There are literatures indicating that BrC is mainly 

contributed by biomass burning (Washenfelder et al., 2015) and the photo-

oxidation of anthropogenic and biogenic volatile organic compounds (Ervens et 

al., 2011). Thus, the assumption of αwb should depend on these components for a 

better estimation of BC from wood burning. 

Results presented here demonstrate that using the pre-apportioned OM and BC in 

the Aethalometer model can obtain the more accurate parameters for the estimates 

of the contribution of wood burning to the carbonaceous matter compared to those 

in the previous studies (Sandradewi et al., 2008a; Fave et al., 2009, 2010), which 

may result in the overestimation of the contribution of wood burning to 

carbonaceous matter. This indicates that the Aethalometer model accompanied 

with the total carbonaceous matter consisting of the bulk OM and BC will 

attribute the unassociated wood burning emissions to the wood burning emissions, 

which leads to an overestimation of the attribution of their emissions to the 

carbonaceous matter. 

The derived parameter for the estimation of the contribution of wood burning is 

based on the ambient environment in London during wintertime, and it is not 

necessarily applicable to other areas. Therefore, it is needed to carry out the 

numbers of the atmospheric measurements in other regions to obtain the accurate 

parameter for the specific ambient environment, which can underpin the 

mitigation strategies of air pollution. 

5.2.2 Local sources and regional transport of air pollution in the 

Yangtze River basin  

The Yangtze River campaign was carried out along the Yangtze River in winter 

2015 in order to characterise rBC and its related gaseous pollution in eastern 

China.  The observation was the first time to measure the shipping emissions and 

regional transport over the Yangtze River. The results presented in Section 4.2 
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illustrated that the air pollution in this region was significantly contributed by 

sulphur-containing fossil fuel combustion, which could be from the shipping 

emissions, power generation plants and facilities, etc., (Lu et al., 2006). In the 

different regions, the degree of the influence of local sources, including shipping 

emissions, and regional transport depended on the origin of the air mass and 

topography.  The source of shipping emissions can be inferred according to the 

ship’s tracking gases, NOx and SO2, accompanied with the small BC core and thin 

coating. In this study, shipping emissions were found to have a significant impact 

on air pollution in this region. Thus, the reduction in the shipping emissions can 

effectively decrease the occurrence of high pollution episodes over the river 

(MOT, 2015, Zhang et al., 2017). While large contribution of the shipping 

emissions to air pollution in the Yangtze River region can result in high pollution 

events, the regional transport also considerably contributes to the deterioration of 

air quality in the inland areas. Furthermore, the consistency of PM2.5 between the 

measurements on the river and at environmental monitoring site in the coastal 

cities suggested that surrounding areas in the Yangtze River basin were major 

regional sources of PM2.5. For example, the rBC properties of the larger core size 

and thicker coating dominated the background, which was mainly contributed by 

the regional transport, and suggested that the biomass burning and coal 

combustion were most likely to be the dominant sources (Huang et al., 2012; Liu 

et al., 2014; Wang et al., 2016).   

  Although the sources of BC have been roughly identified according to the 

origins of air masses, the specific sources and contribution to particulate matter of 

BC cannot identified. While Liu et al. (2014) has identified two sources of BC at 

urban background site in London by using the optical properties of BC with SP2 

data, the method is not feasible for identification of the sources in eastern China 

due to the same properties of BC contributed by various sources. Therefore, it is 

recommended that a combined measurement with the SP2 and AMS, which can 

quantify the contribution of the specific sources to the organic matter, is needed to 

better estimate the contribution of BC sources. 
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5.2.3 The mixing state of the primary carbonaceous aerosols from 

solid fuel combustion 

The results presented in Section 4.3 provide useful insights into interactions 

between BC and OM, which were emitted by residential solid fuel combustion 

with the complex dynamics in the combustion process, by simulating real-world 

burning conditions in laboratory. There have been a number of studies 

investigating the link between the variation of carbonaceous aerosols from heating 

and cooking stoves and the variables affecting the burning conditions, such as fuel 

and stove types (Heringa et al., 2012, Just et al., 2013, Kortelainen et al., 2015, 

Haslett et al., 2018). These have proven valuable knowledge of the variability of 

emission under different burning conditions and the properties of emitted 

aerosols. However, the source profile of BC for solid fuel combustion, which have 

been simplified in most global model (Koch et al., 2009; Reddington et al., 2013), 

is scarce due to the instrumentation limitation, the wide variety of fuels and 

burning conditions, resulting in the over- or underestimation of the impact of BC 

on climate forcing. Thus, the source profile of BC for residential solid fuel 

burning presented in Section 4.3 can be applied in most of the models in order to 

more accurately assess the impact of BC, produced by residential solid fuel 

combustion, on the regional and global climate forcing. 

  Furthermore, the relationship between the OM fraction in PM1 and the mixing 

state of BC presented here indicates that the OM fraction can be used in models to 

determine the impact of BC from solid fuel burning on global warming, when the 

mixing state of BC is not available. The results here will help to assess the 

benefits of reduction in BC from domestic solid fuel combustion and so aid 

mitigation strategies in the future.  

   While this study provides new insight into the mixing state of BC in the 

combustion processes, the results here should be treated as indicative for use in 

models and more authoritative data will need more work, specifically repeat 

experiments with other stove designs, fuel types and with a more explicit 

simulation of cooking activities. 

5.3 Closing remarks 

This project evaluated a variety of BC sources from few representing sources over 

European, African and Asian countries. 
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  It is highly challenging to identify the sources of atmospheric aerosols and to 

estimate their contribution to air pollution due to high variability of aerosols in the 

atmosphere, particularly the complex and uncertain emissions from anthropogenic 

solid fuel burning. The London study provides an opportunity to evaluate the 

multiple sources in urban environment by examining a variety of source 

apportionment techniques, and the results could be widely used in other urban 

environments even when some of the instrumentations are not always available. 

  China has been a rapidly developing country and is projected to continue 

developing at a rapid pace. The large population has a big demand for energy, 

from which the sources are complex and extensively distributed. Accompanied 

with the unstable meteorological conditions, it is very difficult to identify the 

specific sources and to fully understand the characteristics of their emissions. This 

work provided the characteristics of the emissions in the YR region. The AMS 

measurement should be added in the future study, and thus the well-developed 

PMF model can be used to explicitly identify the sources of the air pollutants.   

Source profiles of BC for solid fuel combustion vary considerably with stove and 

fuel types. More work for the establishment of the source files of BC from 

different stoves and solid fuels is essential to aid climate models in better 

estimating the impact of the solid fuel combustion emissions on regional and 

global scale. 
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