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Abstract  

Atmospheric aerosols have been shown to have a significant impact on air quality and 

health in urban environments. Organic aerosols (OA) are one of the main constituents of 

submicron particulate matter. They are composed of thousands of different chemical 

species, which makes it challenging to identify and quantify their sources. OA sources 

have been previously studied; however quantitative knowledge of aerosol composition 

and their processes in urban environments is still limited.  

The results presented here investigate OA, their chemical composition and 

sources as well as their interaction with gases. On-line measurements of species in the 

particle and the gas phase were performed both from field-based and laboratory studies. 

Aerosol Mass Spectrometers (AMS) were used together with the Chemical Ionisation 

Mass Spectrometer (CIMS) and the Filter Inlet for Gases and AEROsols (FIGAERO). 

Two ambient datasets were analysed to develop methods for source 

apportionment, using the Multilinear Engine (ME-2), in order to gain new insights into 

aerosol sources in Manchester and London. Long-term measurements in London 

allowed the opportunity to perform seasonal analysis of OA sources and look into the 

relationship of hydrogen-like OA (HOA) and heavy- and light-duty diesel emissions. 

The seasonal analysis provided information about OA sources that was not possible to 

observe on the long-term analysis. During Bonfire Night in Manchester, with high 

aerosol concentrations, particularly biomass burning OA (BBOA), it was possible to 

identify particulate organic oxides of nitrogen (PON), with further identification of 

primary and secondary PON and their light absorbing properties. Through laboratory 

work, new insights into cooking organic aerosols (COA) were gained, a higher relative 

ion efficiency (RIEOA) value of around 3.3 for OA-AMS compared with the typical RIEOA 

of 1.4 was determined, which implies COA concentrations are overestimated when using 

the RIEOA value of 1.4. Dilution showed to have a significant effect on food cooking 

experiments, increasing both the gas/particle ratios and the O:C ratios. The data 

generated in this work, OA-AMS mass spectra and markers from both gas and particle 

phase identified with FIGAERO-CIMS, provide significant information that will 

contribute to the improvement of source apportionment in future studies.  

This work investigates OA, with a focus on primary organic aerosols originated 

from anthropogenic activities. These scientific findings increase our understanding of 

OA sources and can help to improve inventories and models as well as to develop plans 

and policies to mitigate the air pollution in urban environments.    
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Thesis overview 

This thesis is written following the journal format, which involves the results section to 

be composed of scientific papers. Chapter 1 describes urban air pollution in cities and 

the effects of aerosols on air quality. An overview of frameworks and regulations is 

presented, focusing on Manchester and London; cities where the ambient measurements 

were performed. In Chapter 2, a review of atmospheric aerosols is conducted, with a 

focus on their effects on air quality, sources and chemical composition. This chapter 

highlights the importance studying aerosols, in the PM1 fraction, and in specific organic 

aerosols (OA). Chapter 3 describes the current techniques used to measure aerosols, with 

an overview of mass spectrometry and a description of the mass spectrometers used in 

this work. The different source apportionment techniques are presented, with detailed 

information of the factorisation tools used in this work, positive matrix factorisation 

(PMF) and multilinear engine (ME-2). Chapter 4 presents an overview of the current OA 

measurements with mass spectrometers. The characteristic markers to identify OA 

sources are discussed with a description of OA sources identified in previous studies. 

Chapter 5 gives an outline of the chapters that form this work and the objectives to be 

addressed. 

Chapter 6 compiles the three scientific papers prepared as part of this thesis, 

where a range of different mass spectrometers was used to perform on-line 

measurements of particles and gases. Paper 1 (Section 6.1) shows the results of 

performing source apportionment to OA concentrations measured in London, UK. Here 

a methodology to explore the solution space to identify the optimal solution is proposed 

and OA sources seasonality is studied. In Paper 2, OA sources are investigated during 

Bonfire Night with high biomass burning (Section 6.2). OA source apportionment was 

performed with further analysis of nitrogen chemistry. In Paper 3, a laboratory-based 

experiment was designed in order to study food cooking emissions, both in particle and 

gas phases (Section 6.3). Here different types of food and cooking methods were used 

and diluted experiments were performed to study the semi-volatile effect on food 

cooking aerosols. The final chapter of this thesis, Chapter 7, presents the conclusions, 

and future work. 
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Chapter 1 

Urban air pollution  

Ambient air pollution is a serious problem in urban areas. The World Health 

Organization (WHO) has recognised atmospheric pollution as a high public health 

priority, stating air pollution kills nearly three million people a year (WHO 2016) and 

with about 90% of people breathing air that does not comply with WHO air quality 

guidelines (WHO 2006). 

Anthropogenic pollution has been deemed a serious health and an environmental 

problem. Poor air quality increases the risk of heart disease, respiratory infections, stroke 

and lung cancer. With vulnerable population groups including children, the elderly and 

people with compromised immune systems are the most susceptible, with the effects on 

individuals ranging from subclinical effects to premature death (Samet and Krewski 

2007). There is also an economic impact due to poor air quality; the Department for 

Environment, Food and Rural Affairs (DEFRA) states that air pollution caused health 

costs of around £15 billion to UK citizens (DEFRA 2010), as a result of hospital 

admissions, missed work days, among other causes.  

The decline in air quality was first observed many decades ago, with 

anthropogenic atmospheric pollution in urban environments being recognised as being 

directly related to combustion activities. For instance, in the early 19th century, the 

Manchester area grew rapidly from small towns to a major industrial urbanised city. 

Manchester became a pioneer in many industrial and commercial activities: the first 

passenger railway, the first industrial canal, built the first steam engine to manufacture 

cotton, the first inter-basin domestic water transfer in the UK (Douglas et al. 2002). 

However, all this industrial development came together with atmospheric pollutants 

mainly emitted from combustion sources. 

One extremely poor air quality situation in London, UK, was the Great Smoke of 

1952. During December 1952, a period of cold weather combined with anticyclone and 
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low wind speeds produced favourable conditions for high concentrations of pollutants 

to accumulate, mainly particulate matter and sulphur dioxide, with a subsequent 

oxidation in the atmosphere producing sulphuric acid particulate matter. The pollution 

that was mostly from coal burning within the city, whose consumption increased due to 

the cold weather, is estimated to have caused 4000 deaths, over a two-week period, and 

15,000 Londoners fell ill and were off work (Brunekreef and Holgate 2002). 

The United States has also suffered from significant air quality problems in the 

past, which caused increments in mortality and morbidity (McCarroll 1967). In New 

York, during the smog crisis of 1953, a mixture of carbon monoxide, sulphur dioxide and 

smog killed between 170 and 260 people in six days (Greenburg et al. 1962). Two more 

critical situations with poor air quality were present in 1963 and 1966 in New York, 

which caused 405 and 168 deaths, respectively. 

1.1 Frameworks and regulations 

In response to the critical situation during the Great Smog in 1952, the UK government 

passed the Clean Air Act in 1956 (http://www.legislation.gov.uk/ukpga/Eliz2/4-

5/52/enacted, accessed: 02/12/2017). This act implemented different resolutions including 

regulations on motor fuels and the creation of smoke control areas. Moreover, the 

consumption of cleaner energy, for instance, the use of liquid and gaseous fuels, as well 

as the use of electricity for daily activities improved the air quality in London during the 

1960s and 1970s.  

In 1970, great efforts were made by the United States to tackle the air pollution 

situation resulted in the creation of the Environmental Protection Agency (EPA), with 

the subsequent creation of the Clean Air Act, which sets the National Ambient Air 

Quality Standards (NAAQS). There are two types of NAAQS; primary standards, which 

aim to provide public health protection and secondary standards to provide welfare 

protection, for instance, decreased visibility and damage to vegetation, animals and 

edifications (EPA 2006). The NAAQS are defined for six pollutants named “criteria” 

pollutants, carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2), ozone (O3) and 

http://www.legislation.gov.uk/ukpga/Eliz2/4-5/52/enacted
http://www.legislation.gov.uk/ukpga/Eliz2/4-5/52/enacted
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particle matter with an aerodynamic diameter less than 10 and 2.5 micrometres, denoted 

PM10 and PM2.5 respectively. 

In 1987, the World Health Organization (WHO) elaborated the Air Quality 

Guidelines (AQG), based on expert evaluations and scientific evidence, aiming to assist 

in reducing health impacts of air pollution. The AQG were updated in 2005 with 

information related to four common pollutants: sulphur dioxide (SO2), O3, NO2 and PM 

(WHO 2006). PM2.5 is one of the typical pollutants that can be used as a parameter to 

assess air quality because of their significant impacts on health; due to their small size, 

PM2.5 may be inhaled and penetrate deep into the lungs.  

The European Union (EU) has been working on air quality legislation since the 

early 1980s (http://ec.europa.eu/environment/air/quality/existing_leg.htm, accessed: 

04/12/2017). With the aim of protecting human health, in 2008, the EU Ambient Air 

Quality Directive 2008/50/EC set target concentrations of various pollutants (Parliament 

2008), with an annual target of 25 μg·m-3 for PM2.5. Table 1 presents, in summary, a 

comparison of the PM2.5 limits defined by the EPA, WHO and EU. The WHO 

recommends an annual PM2.5 mean concentration of 10 µg·m-3 as the long-term exposure 

limit, which represents the lowest concentrations to which cardiopulmonary and lung 

cancer mortality has been proven (Pope et al. 2002). The EU limit is set to 25 µg·m-3 with 

the objective to decrease this limit in subsequent years. 

Table 1: Comparison of average PM2.5 limits between the EPA, WHO and EU. 

Averaging 

time 

Standard EPA-NAAQS  

(μg·m-3) 

WHO guidelines  

(μg·m-3) 

EU Air Quality 

Directive (μg·m-3) 

1 year 

primary a12 
a10 25 

secondary a15 

24 hours 

primary and 
b35 b25 

 

secondary  

 a annual mean, averaged over 3 years 
b 98th percentile, averaged over 3 years  

The Air Quality Strategy for England, Scotland, Wales and Northern Ireland was 

presented in 2007, supported with scientific, economic and regulatory evidence to reduce 

health impacts of atmospheric pollutants and to improve air quality by protecting the 

http://ec.europa.eu/environment/air/quality/existing_leg.htm
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environment (DEFRA 2007). The measures outlined in this strategy could help to reduce 

the impact on average life expectancy from eight to five months by 2020. However, this 

strategy recognises not being able to meet objectives for three of nine pollutants 

(particles, ozone and nitrogen dioxide). While the areas of exceedance are relatively 

small, there may be significant members of the population likely to be exposed, as the 

exceedances tend to be in urban areas. 

1.2 Air quality in The UK 

The UK has shown concern about atmospheric pollutants and has recognised their 

negative effect on human health for decades. The first measurements of particulate air 

pollution were performed in the 1920s, measuring black smoke (Quincey 2007). The 

black smoke network started performing extensive measurements in 1962. In the 1970s 

the number of monitoring sites was at its highest at 1,400, decreasing to 600 in early 

1980s and less than 100 in 2004 (Loader 2006). In 2008, the black smoke samplers were 

replaced by Aethalometers (AE22, Mageesci) to start the black carbon (BC) network, 

comprising 14 sites and covering a wide range of monitoring sites (Butterfield et al. 

2016). 

The implementation of regulations and the development of new technologies 

decreased pollutant concentrations such as black smoke and sulphur dioxide. However, 

due to increasing road traffic, other pollutants such as CO and nitrogen oxides (NOx) 

begun to have a significant impact on air quality (Harrison et al. 2012). Situations like 

these highlighted the need to install monitoring sites to study the air quality in London. 

These sites formed the basis for the creation of the Automatic Urban and Rural Network 

(AURN) in the early 90s with some monitoring sites operating since 1972 and currently 

operating with 108 sites (DEFRA 2017). 

Since 1985, the National Atmospheric Emissions Inventory has been compiling 

data on greenhouse gases and air pollutant emissions from different UK sectors (DEFRA 

2016). The sectors include agriculture/waste; combustion in industry/commercial 

residential; road transport; production processes; public electricity and heat production; 

and other transport. PM2.5 emissions have decreased since early 1990, as a result of 
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reducing coal combustion. However, the combustion in industry/commercial residential 

sector remains to be the main PM2.5 emitter with 64 kilotons in 2015. 

1.2.1 Manchester 

All the advances in Manchester during the industrialisation of the 19th century, together 

with an increasing population had impacts on the environment and human health, and 

hence a series of regulations were developed:  Manchester had the first urban smokeless 

zones in the UK and implemented the Sanitary, Vaccination and Public Health Acts. In 

1912, the Manchester City Council established the Air Pollution Advisory Board 

(Douglas et al. 2002).  

In 2016, Greater Manchester had an estimated population of 2,685,000 

inhabitants, with a land area of 630 km2 and a density of 4,100 inhabitants.km-2 

(Demographia 2017), integrating 10 Boroughs including Bolton, Bury, Manchester, 

Oldham, Rochdale, Salford, Stockport, Tameside, Trafford, and Wigan. The website 

http://www.greatairmanchester.org.uk/ (accessed: 07/11/2017) stores information about 

the air quality in Greater Manchester. There are three automatic monitoring sites; an 

urban site (Piccadilly Gardens), a suburban site (close to Manchester airport - South 

Manchester) and a kerbside (close to the city centre), with different types of 

measurements such as NO, NO2, NOx, SO2, O3, PM10 and PM2.5. Piccadilly Gardens and 

South Manchester are part of the AURN (https://uk-air.defra.gov.uk/networks/, accessed: 

07/11/2017). 

The Greater Manchester air quality action plan (2016-2021) recognised traffic 

emissions as a priority to reduce air pollution, which will be achieved by focusing on 

three tasks: to reduce traffic, increase efficiency to achieve smother emissions and 

improve fleet. Private cars represent more than 70% of vehicles transiting on roads, so 

efforts will be orientated to reduce the use of cars and motivate the use of public 

transport, cycling and walking (GMCA 2016).  

 

http://www.greatairmanchester.org.uk/
https://uk-air.defra.gov.uk/networks/
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1.2.2 London 

London, which is recognised as a megacity taking into account the wider metropolitan 

area, has an estimated population of 10,470,000 inhabitants, with a land area of 1,738 km2 

and a density of 5,600 inhabitants per square kilometre (Demographia 2017). Due to the 

sheer number of inhabitants and the associated anthropogenic air pollutant emissions 

resulting from the inhabitants’ daily activities (transportation, energy production and 

industrial activities), it is necessary to study the air pollution to devise mitigation 

strategies. 

In 1993, the London Air Quality Network (LAQN) was created to collect data 

from the majority of London’s 33 boroughs. This provides the opportunity to obtain data 

from a wide variety of monitoring stations: rural, suburban, urban-background, 

roadside, kerbside and industrial. 53 monitoring sites measure PM10 and 14 sites measure 

PM2.5. Around 90% of the sites monitoring PM2.5 achieved the EU target annual value of 

25 μg·m-3 while only one site met the WHO guideline value of 10 μg·m-3 (Mittal and 

Fuller 2017).  

Different sources of air pollutants have been identified in London, the majority of 

them related to combustion sources. The London atmospheric emissions inventory (GLA 

2013) reports road transportation, river, rail, Non-Road Mobile Machinery, domestic and 

commercial, aviation, construction and demolition, industry and resuspension to be 

primary sources of PM2.5. Road transport is the main source contributing to 54% of the 

total PM2.5 annual emissions during 2013 and 8% of total PM2.5 assigned to “other”, 

suggesting there are still other sources to be identified. 

The UK has shown a great improvement in tackling the air pollution, with 

Manchester and London presenting a considerable improvement compared to previous 

decades. However, there is still more work to do in the UK in order to reduce the PM2.5 

concentrations. The WHO limit of 10 μg·m-3 is a difficult but likely target to meet in the 

future if the scientific community and decision-makers work together to identify new 

approaches to tackle air pollution. 
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1.3 Current PM2.5 situation in Europe 

The implementation of frameworks and the deployment of air quality networks in cities 

mitigated the air quality issues, reducing deaths related to air pollutants and increasing 

the life expectancy. However, negative effects on health are still present in urban 

environments (Sexton and Linder 2015;McCarthy et al. 2009).  

The European Environment Agency (EEA 2017) states that in 2015, from 28 

member states of the European Union (Fig. 1), 7% - 8% of the population was exposed to 

PM2.5 concentrations over the annual limit of the European Union  (25 µg·m-3) and 82% – 

85% of the population was exposed to PM2.5 concentrations over the annual limit of the 

WHO (10 µg·m-3). Developed countries have made great improvements in air quality. 

However, more efforts to reduce particulate matter concentrations must be made in cities 

for the population to live in an environment with cleaner air.  

 

Figure 1: Mean PM2.5 annual concentrations in 2014. Reproduced from (EEA 2017). 
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Chapter 2 

Aerosols and air quality 

Aerosols are a combination of liquid and/or solid particles in the air (Seinfeld and Pandis 

2016), which are either directly emitted from anthropogenic and natural sources as well 

as produced in the atmosphere from physicochemical processes. The interest to 

investigate aerosols is due to the significant effects on climate (Satheesh and Krishna 

Moorthy 2005;Pöschl 2005) and air quality (Watson 2002;Peng et al. 2005;Pope III and 

Dockery 2006). Two main impacts of aerosol pollution are observed with regard to air 

quality: harm to human health and the environment. The impact of aerosols on human 

health has been previously studied (Brunekreef and Holgate 2002;Peng et al. 

2005;Valavanidis et al. 2008;Ramgolam et al. 2009). While is true that air pollution has 

decreased in the recent decades as a result of improvements in combustion fuels and 

processes, there is still a high health risk due to the wide range of aerosol chemical 

composition and size.  

As previously mentioned in Chapter 1, the size of aerosols is a key factor when 

determining the impact to human health. Depending on their size, aerosols can reach 

different areas of the respiratory system (Elmes and Gasparon 2017); particles equal to or 

larger than PM10 remain in the nasal cavity and/or the throat; PM2.5-PM10 are known as 

thoracic particles, deposited in the trachea; the cut size <PM2.5 is the respirable fraction 

which can reach the alveoli. Ultrafine particles (<0.1 µm), are potentially more harmful to 

health as they can penetrate deeper into the respiratory tract and can reach the alveoli 

(Valavanidis et al. 2008) and can be absorbed directly into the bloodstream (Oberdorster 

et al. 2005).  

 Pope III and Dockery (2006) collected evidence from different studies that 

indicate that exposure to aerosols has adverse effects on cardiovascular and 

cardiopulmonary health. Ramgolam et al. (2009) determined a stronger correlation 

between aerosol concentrations and respiratory diseases. This study was performed 

collecting ambient samples of aerosols with low-pressure cascade impactors; for 
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biological studies, four size stages of particulate matter (PM) were gathered: PM2.5-10, 

PM1-2.5, PM0.17-1, and PM0.03-0.17. Samples were sonicated and human bronchial epithelial 

cells were exposed to different PM concentrations. It was possible to determine different 

pro-inflammatory responses according to the range of PM sizes, with PM0.17-1, and PM0.03-

0.17 being the PM sizes that showed the most damaging effects on the epithelial cells.  This 

study concluded that these pulmonary effects may lead to chronic (long-term problem) 

and acute (severe and sudden) respiratory problems, ultimately increasing hospital 

admissions and hence economic costs.  

The effects aerosols have on air quality and human health depend on their 

physical and chemical properties, hence why these properties need to be studied and 

measured in order to determine strategies to reduce emissions and mitigate their adverse 

impact. 

2.1 Aerosol sources and sinks 

Atmospheric aerosol sources may be either natural or anthropogenic. Examples of 

natural sources are sea spray, windborne dust, thunderstorms, volcanic activities and 

unintentional forest fires, while anthropogenic sources may be generated by incomplete 

combustion of fossil fuels, industrial processes, and transportation (Pöschl 2005). 

Aerosols are also classified, according to their origin, as primary or secondary. Primary 

aerosols are directly emitted from a range of sources while secondary aerosols are 

produced from gaseous precursors, for instance, sulphur dioxide, oxides of nitrogen and 

volatile organic compounds, by chemical reactions in the atmosphere as well as from 

physical processes including condensation, coagulation, absorption, adsorption, 

solubility and agglomeration, among others (Kolb and Worsnop 2012).  

The main sources and sinks of atmospheric aerosols are presented in Table 2. 

Nitrate is considered to have a secondary origin, as it is produced from the oxidation of 

NOx. Black carbon (BC), mineral dust and sea spray have primary sources while 

sulphate and OA have both primary and secondary related sources.  
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Table 2: Properties of main atmospheric aerosols. Reproduced from (IPCC 2013). 

Aerosol Species Size Distribution Main Sources Main Sinks 
Tropospheric 

Lifetime 

Sulphate  

Primary: Aitken, 

accumulation  

and coarse modes  

Secondary: Nucleation, 

Aitken, and accumulation 

modes 

Primary: marine and volcanic 

emissions.  

Secondary: oxidation of SO2 

and other gases from natural 

and anthropogenic sources  

Wet deposition 

Dry deposition 

~ 1 week 

Nitrate 
Accumulation and coarse 

modes 

Oxidation of NOx  Wet deposition 

Dry deposition  

~ 1 week 

Black carbon 

Freshly emitted: <100 nm 

Aged: accumulation mode 

Combustion of fossil fuels, 

biofuels and biomass 

Wet deposition 

Dry deposition 

1 week to 10 

days 

aOrganic aerosol 

POA: Aitken and 

accumulation modes. 

SOA: nucleation, Aitken 

and mostly accumulation 

modes. Aged OA: 

accumulation mode 

Combustion of fossil fuel, 

biofuel and biomass.  

Continental and marine 

ecosystems. Some 

anthropogenic and biogenic 

non-combustion sources 

Wet deposition 

Dry deposition 

~ 1 week 

Mineral dust 

Coarse and super-coarse 

modes, with a small 

accumulation mode 

Wind erosion, soil 

resuspension.  

Some agricultural practices 

and industrial activities 

(cement) 

Sedimentation 

Dry deposition 

Wet deposition 

1 day to 1 

week  

depending on 

size 

Sea spray 

Coarse and accumulation 

modes 

Breaking of air bubbles 

induced e.g., by wave 

breaking. Wind erosion.  

Sedimentation 

Wet deposition 

Dry deposition  

1 day to 1 

week  

depending on 

size 

aPOA = primary organic aerosol, SOA =  secondary organic aerosol. 

Eventually, particles can be removed from the atmosphere by dry and wet 

deposition. Dry deposition involves the removal of particles by convective transport, 

diffusion and adhesion to the Earth’s surface (soil, water bodies, vegetation and 

structures). With wet deposition, particles are incorporated into cloud droplets during 

the formation of precipitation (Seinfeld and Pandis 2016). Wet deposition is the main 

sink of atmospheric aerosols. However, dry deposition is highly relevant from an air 

quality and human health perspective due to the adhesion to buildings and monuments 

as well as inhalation and deposition in the respiratory tract due to aerosol submicron 

size (Pöschl 2005).  

2.2 Aerosol size and lifetime  

The lifetime of aerosols in the atmosphere depends on variables such as aerosol size, rain 

frequency, wind speed and physicochemical processes. According to their size, aerosols 

are classified into three different modes (Table 3): nucleation mode (particles with a 

diameter lower than 0.1 µm), accumulation mode (particles between 0.1 µm-1 µm in 
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diameter) and coarse mode (particles with a diameter larger than 1 µm). Particles with 

the nucleation mode have a lifetime of minutes to hours, days to weeks in the case of 

accumulation mode and minutes to days in the coarse mode. This information is 

consistent with Lawrence et al. (2007), who stated that the lifetime of several aerosols 

including SO42-, NO3-, organic carbon (OC) and elemental carbon (EC) is between 1 and 

10 days.  

The reason why the lifetime of the nucleation mode is that short is due to the 

main removal mechanisms such as diffusion onto solid surfaces, cloud particles and 

coagulation to form larger particles. Coarse mode particles also have a short lifetime 

with sedimentation as the main removal process. PM with diameters between 0.2 μm 

and 2 μm have weak sinks and strong sources including coagulation of nanoparticles 

and particles left behind from evaporation of cloud droplets as well as primary sources 

(Wallace and Hobbs 2006). 

Table 3: Aerosol properties based on size distribution. Reproduced from (Lagzi et al. 

2013). 

  Nucleation mode Accumulation mode Coarse mode 

Size: d < 0.1 μm 0.1 μm < d < 1 μm d > 1 μm 

 

 

Sources 

Combustion Combustion Dust 

Gas to particle 

conversion 
Gas to particle conversion Soil 

Chemical reactions Chemical reactions Biological sources 

    Ocean spray 

Formation 

Chemical reactions Nucleation 
Mechanical disruption of 

surface 

Nucleation Condensation Suspension of dust 

Condensation Coagulation Evaporation of ocean spray 

Coagulation Evaporation of droplet Chemical reactions 

Composition 

Sulphate Sulphate Dust 

Elemental carbon Nitrate Ash 

Trace metals, Ammonium Crustal elements 

Low-volatility 

organic compounds 
Elemental Carbon Sea salt 

 
Organic Component Nitrate 

  
Trace metals (Pb, Cd, V, Ni, 

Cu, Zn, Fe, etc.) 
Biogenic organic particles 

Solubility 
Largely soluble, 

hygroscopic 
Largely soluble, hygroscopic 

Largely insoluble, non-

hygroscopic 

Travel distance <a few 10 of km a few 100 to 1000 of km 
<a few 10 of km 

(sometimes larger) 

Typical atmospheric 

lifetime 
Minutes to hours Days to weeks Minutes to days 

Sinks 

Growth into 

accumulation mode, 
Wet deposition, Wet deposition, 

wet and dry 

deposition 

dry deposition (Brownian 

diffusion, turbulence) 

dry deposition 

(sedimentation, turbulence) 
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Different sizes present different chemical composition. For instance, nucleation and 

accumulation modes are conformed of sulphate, nitrate, elemental carbon and organic 

aerosols, while dust, ash, sea salt and crustal elements are components of the coarse 

mode (Lagzi et al. 2013). Table 3 states that, in general, accumulation mode is largely 

soluble and coarse mode is largely insoluble. However, there are significant variations in 

hygroscopicity within the same mode; for instance, in accumulation mode, sulphate, 

ammonium and nitrate are hygroscopic while elemental carbon is non-hygroscopic. 

Moreover, elemental carbon, when mixed with soluble substances, can increase its 

hygroscopicity. The fact aerosols have different sizes with different chemical 

composition and lifetime in the atmosphere explains why they have different effects on 

human health. 

2.3 Aerosol chemical composition and spatial concentrations 

Based on their chemical characteristics, aerosols can be classified as inorganic and 

organic aerosols (OA). The main inorganic aerosols include sulphate (SO42-), nitrate (NO3-

), ammonium (NH4+), chloride (Cl-), black carbon (BC), sea salt and dust. OA composition 

is challenging to study due to the fact that OA are composed of thousands of different 

compounds (Hallquist et al. 2009). The importance of understanding OA composition, 

sources and processes is due to the fact that they comprise a high percentage of 

submicron particulate matter. Research carried out by Zhang et al. (2007) showed that 

OA comprises 20%-90% of the total non-refractory submicron particle mass (NR-PM1) 

depending on the measurement location.  

The composition of the non-refractory fraction of aerosol particles (particles that 

evaporate within seconds under high vacuum at 600 °C) from different studies in the 

Northern Hemisphere are shown in Figure 2. The aerosol concentrations range from 2 

μg·m-3 in a remote site in Finland to 71 μg·m-3 at an urban site in China; the 

concentrations in Manchester are 5.2 and 14.0 μg·m-3 during winter and summer 

respectively. OA presented a high contribution to PM1 in the majority of the monitoring 

sites. Moreover, there is a wide variability of aerosol composition, with high 

concentrations in urban environments. 
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Figure 2: Average mass concentration of aerosols in the northern hemisphere. 

Reproduced from (Zhang et al. 2007). Colours for labels 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: organics (green), sulphate (red), 

nitrate (blue), ammonium (orange), and chloride (purple) of NR-PM1. 
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Chapter 3 

Main techniques to study aerosols 

Historically, there have been events of poor air quality causing hundreds of deaths and 

health problems in urban environments around the world. The implementation of 

frameworks and regulations have helped to reduce these impacts by controlling a series 

of atmospheric pollutants, with focus on PM2.5 and PM10. Particulate matter 

concentrations have been successfully reduced. However, further work needs to be done 

to further reduce submicron particulate matter concentrations, specifically PM1, which 

has a complex chemical composition, and may pose a more detrimental effect on health 

compared to PM2.5.  

Modelling has been an important tool to determine the spatial-temporal 

behaviour of aerosols in the atmosphere. Hence, the physical-chemical characterisation 

of aerosols with on-line measurements in a high time resolution is fundamental 

information in order to improve models performance. From an environmental 

perspective, it will be possible to improve or to create frameworks and regulations based 

on knowledge of the aerosol composition and concentrations to lessen the environmental 

impact of aerosols. 

There are different techniques and equipment available to measure aerosol 

properties. The two main approaches are off-line measurements, which involve 

collecting samples for further laboratory analysis and on-line measurements, where the 

equipment directly performs measurements in near-real time. Both approaches have 

advantages and disadvantages depending on the type of analysis required and the 

questions to be answered. Off-line measurements are time-consuming, with low time 

resolution and there is the possibility of an artifact due to sample handling. However, 

they may be less expensive, offer qualitative and quantitative analyses and it is possible 

to perform more than one analysis per sample, providing integral aerosol 

characterisation. On-line measurements may require expensive equipment and highly 
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trained users. However, it is possible to obtain data immediately after being measured 

with a high time resolution, providing a more detailed temporal aerosol evolution.  

Physical and chemical properties of aerosols are determined by using different 

techniques (Baron and Willeke 2001). As shown in section 2.2, aerosol size is an 

important physical property to be measured. There are different instruments to measure 

aerosol size distribution. One instrument that is widely utilised is the scanning mobility 

particle sizer (SMPS, TSI Inc.) (Wang and Flagan 1990), which comprises a differential 

mobility analyser (DMA) and a condensation particle counter (CPC). The DMA separates 

aerosols of a broad size of 2.5 - 1,000 nanometres, based on the electrical mobility and the 

CPC measures aerosol total number concentration.  

The aerodynamic particle sizer (Baron 1986) provides high resolution, real-time 

measurements of particle aerodynamic diameter in the range of 0.5 to 20 µm. Particle 

velocity is measured by passing through two laser beams. The time delay between two 

pulses of scatter light is related the velocity and hence to the aerodynamic diameter of 

the particle. This instrument also determines the optical diameter of particles by 

measuring the scattered light intensity, providing an equivalent optical size range of 0.37 

to 20 µm. Optical particle counters use the intensity of light scattering to determine the 

size of particles. Instruments using this method are the Ultra High Sensitivity Aerosol 

Spectrometer (Cai et al. 2008) and the Passive Cavity Aerosol Spectrometer Probe (Cai et 

al. 2013).  

The light scattering and absorption coefficient are important optical properties, 

The Nephelometer measures the total amount of light scattered by aerosols 

(Heintzenberg and Charlson 1996) and the Aethalometer measures the absorption 

coefficient (Allen et al. 1999). Based on the light configuration, there are two versions of 

Aethalometers: a two-Wavelength (880 nm for Black Carbon - 370 nm for aromatic 

organic compounds) and a seven-Wavelength (from 370 nm to 950 nm). The 

Aethalometer (Magee Scientific) is capable of providing black carbon concentrations 

using an algorithm to convert the optical signal to a mass concentration. 
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Gravimetric analysis is performed to quantify the mass of particulate matter, another 

important physical parameter. In this method, the particulate matter is collected on a 

filter to determine the mass. The total mass concentration can be calculated using the 

sampling time and the airflow used during collection. The tapered element oscillating 

microbalance (TEOM) performs on-line measurements of mass concentrations (Allen et 

al. 1997).  Gravimetric analysis can also be performed with off-line sampling. Here, the 

sample is collected on a filter of a known weight. The difference in the weight after and 

before collection gives the mass of particulate matter collected. This method is usually 

accompanied with other analytic techniques to perform chemical characterisation 

(O'Connor et al. 2014). The possible interferences are minimised by taking laboratory 

blanks and field blanks. 

Depending on the chemical species of interest, the chemical aerosol composition 

can be measured using different techniques. This review will cover the on-line 

instrumentation available to characterise OA, which will vary based on the percentage of 

mass analysed and the level of OA characterisation. The OC/EC instrument measures 

organic carbon (OC) and elemental carbon (EC) via thermal desorption from filter 

measurements (Bauer et al. 2009). This instrument uses inert helium as a carrier gas and 

a ramping temperature up to ~500˚ C to allow OC to be separated from EC. 

Subsequently, EC is oxidised using a mixture of helium-oxygen with the temperature 

increasing to around 850˚ C. The instrument operates with a quartz oven design capable 

of measuring low carbon concentrations with no oxygen contamination. This instrument 

provides a quantification of OC and EC concentrations. However, it is not capable of 

providing molecular identification.  

On the other hand, GC-MS and LC-MS, both offer molecular identification, 

combining gas chromatography (GC) and liquid chromatography (LC), respectively, 

using mass spectrometry (MS). Chromatography is a technique that separates the 

analytes of interest from the sample by passing a carrier fluid over a solid or liquid phase 

on which the analyte is selectively adsorbed and slowed relative to the carrier, named 

stationary phase. Further analysis using mass spectrometry provides a full molecular 

identification and quantification of the analytes of interest (Calvo et al. 2013). However, 
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it measures only the analytes that chromatography previously separated, depending on 

the stationary phase and/or the carrier gas.   

Another available chromatographic technique for aerosol characterisation is ion 

chromatography. This instrument, depending on the column used, can measure anions 

and cations. The on-line version of these instruments collect the sample at ambient 

pressure and use external impactors to determine the diameter cut size between PM10, 

PM2.5 and PM1. Currently, there are three instruments available on the market; the URG 

ambient ion monitor (Wu and Wang 2007), the particle-into-liquid sampler ion 

chromatography (PILS-IC) (Takegawa et al. 2009) and the monitor for aerosol and gases 

in ambient air (MARGA) (Du et al. 2011). The MARGA has the additional capability of 

measuring gas phase ions.  

While there is not a perfect instrument, mass spectrometers offer an extensive 

level of chemical characterisation with a high percentage of mass analysed. These 

characteristics, together with the high time resolution obtained from on-line 

measurements, offer the possibility to quantify particle and gas concentrations to better 

understand their sources and processes.  

3.1 On-line mass spectrometry 

On-line mass spectrometric instrumentation has been developed during the last two 

decades. The first instruments were designed using a quadrupole mass spectrometer 

(QMS) (Bertram et al. 2011). However, the main disadvantage of QMS is the reduction in 

the sampling duty cycle. This is due to the QMS being tuned to scan over different mass-

to-charge (m/z) ratios and the greater number of values to be scanned the shorter the 

sampling duty cycle, which increases the detection limit. Further development of 

techniques such as time of flight (ToF) mass spectrometry allowed measurements in high 

resolution, with it being possible to identify different species with similar molecular 

masses.  
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The principle of mass spectrometry is to separate ions based on their m/z ratio and to 

detect them quantitatively. Mass spectrometers are composed of five different sections; 

sample inlet, ion source, mass analyser, detector and data logger. There are different 

methods to generate the ions before accessing the mass analyser. The main ionisation 

methods will be explained in the following paragraphs.  

The Matrix Assisted Laser Desorption/Ionization (MALDI) uses a liquid solution 

as a matrix where the analyte of interest is mixed. This mixture is added to the mass 

spectrometer and left to dry leaving only a crystallised matrix. The sample is irradiated 

with a laser, typically with a laser near the UV region, to be desorbed and ionised before 

finally being analysed by the mass spectrometer (Herrera et al. 2016). This ionisation 

technique has been utilised to analyse biomolecules and large organic molecules such as 

polymers.  

Electrospray ionisation is based on applying a determined voltage to a liquid 

solution and, with the use of a capillary tube, produces fine drops which then come into 

contact with the analyte of interest (Holmes et al. 2007). Recently, (Zhao et al. 2017b) 

employed the electrospray ionisation with a chemical ionisation mass spectrometer 

using a diluted salt solution in methanol. A voltage power supply is used to apply a 

voltage of 2-5 kV to force the solution to go through the spray needle to produce drops. 

The drops then are evaporated before accessing the ion-molecule reaction chamber in 

contact with the sampling flow. 

Electron ionisation (EI) produces ions by interactions of electrons with the 

analyte that must have been previously transferred to the gas phase (De Hoffmann and 

Stroobant 2007). Ions are generated by a hot filament and accelerated by a difference in 

charge to form an ion beam with ionisation energy of 70 eV. At this ionisation energy, 

the electron-ionization cross section of the majority of the molecules is maximised, which 

offers a high ionisation efficiency (Jimenez et al. 2003). The charge of the ion can be either 

positive or negative, depending on the ionisation method (Gross 2004).  
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In chemical ionisation (CI), ions are produced through reactions of the analyte of interest 

with an ionised reagent gas. CI is softer compared with EI ionisation, as it produces ions 

with little excess energy (De Hoffmann and Stroobant 2007); hence, CI identifies 

molecular ions which then can be termed ions of the molecular species. The sensitivity of 

reagent ions to an analyte depends on its polarity and hydrogen bonding capability, 

hence selectivity will vary with different reagent ions. Ammonia (Reinhold 1987) 

identifies aliphatic and aromatic organochlorine compounds; methane (Barceló 1992) has 

good sensitivity for the majority of organic compounds; acetate (Veres et al. 2008) with 

high selectivity to trace acids; nitrate (Kurtén et al. 2011) is used to measure sulfuric acid 

and RO2 compounds; and iodide (Lee et al. 2014) is used as a reagent ion to measure 

various inorganic species and oxigenated VOCs. 

Photoionisation and secondary ionisation techniques have been used for many 

decades. However, it has been only during recent years that these techniques have been 

implemented in on-line instrumentation. Photoionisation is a physical process that offers 

a soft ionisation; ions are formed as a result of photons interacting with the analyte of 

interest (McCulloch et al. 2017). The secondary ionisation technique is used to analyse 

the chemical composition of solid surfaces. It focuses a primary ion beam onto the 

surface of the sample in order to ionise the analytes of interest, with further analysis of 

the secondary ions in the mass spectrometer (Li et al. 2017c). 

Once the gas phase ions have been produced they need to be separated, 

according to the molecular mass, to finally be detected. Ions are separated in the mass 

analysers using different methods such as; quadrupole, time-of-flight, and magnetic 

sector (Gross 2004). There are different principles of molecular mass separation such as 

kinetic energy, momentum, trajectory stability, resonance frequency, and velocity (time-

of-flight). Together with the ionisation method, the principle of separation will affect the 

resolution of the mass spectra. Table 4 presents a comparison of different mass analysers 

and their characteristics. Here it is possible to see a wide range of the main parameters, 

mass limit resolution and accuracy. 

 



29 
 
 

Table 4: Mass analysers comparison. Reproduced from (De Hoffmann and Stroobant 

2007). 

 Quadruple Ion trap ToF ToF 
reflectron 

Magnetic FTICR Orbitrap 

Mass limit 

4000 Th 6000 Th >1000000 
Th 

10000 Th 20000 Th 30000 Th 50000 
Th 

resolution 
FWHM (m/z 
1000)  

2000 4000 5000 20000 100000 500000 100000 

Accuracy  100 ppm 100 ppm 200 ppm 10 ppm < 10 ppm  < 5 ppm  < 5 ppm 

Ion sampling  Continuous Pulsed Pulsed Pulsed Continuous Pulsed Pulsed 

Pressure 
10-5 Torr 10-3 Torr 10-6 Torr 10-6 Torr 10-6 Torr 10-10 

Torr 
10-10 
Torr 

Tandem mass 
spectrometry 

Triple 
quadrupoles 

- - PSD or 
ToF/ToF 

consecutive 
sectors 

- - 

MS/MS MSn - MS/MS MS/MS MS - 

fragments fragments  fragments fragments fragments  

precursors    precursors   

neutral loss    neutral loss   

low-energy low-energy - low or high-
energy 

high-
energy 

low-
energy 

- 

collision collision  collision collision collision collision 

This section presented an overview of on-line mass spectrometry and the 

different principles and measurement techniques. The following sections provide 

information about the mass spectrometers used in this work with a description of their 

operational principles. 

3.1.1 Aerosol Mass Spectrometer (AMS) 

The AMS is an instrument, designed and developed by Aerodyne Research Inc. that has 

the ability to quantitatively measure the aerosol size-resolved chemical composition of 

non-refractory particulate matter with a fast time resolution from seconds to minutes. 

These measurements include OA and SO4, NO3, NH4 and Cl ions. The instrument 

combines an aerodynamic particle focusing lens, high vacuum thermal particle 

vaporization, EI, and mass spectrometry (Jayne et al. 2000).  

The AMS collects aerosols, which are introduced through a critical orifice, 

separated from gaseous species by aerodynamic lenses followed by a series of apertures; 

with a subsequent thermal vaporization (approximately 600° C) and EI at 70 eV (Jayne et 

al. 2000). Finally, the AMS measures the chemical composition in the mass analyser (Fig. 
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3). Depending on the type of mass spectrometer used to measure ions, there are different 

AMS models; Quadrupole AMS (Q-AMS) (Jayne et al. 2000), compact Time-of-Flight 

AMS (c-ToF-AMS) (Drewnick et al. 2005) and high resolution Time-of-Flight AMS (HR-

ToF-AMS) (DeCarlo et al. 2006), all of them providing a wealth of aerosol chemical 

information.  

 

Figure 3: Schematic of the HR-ToF-AMS. Reproduced from (DeCarlo et al. 2006). 

The AMS quantifies mass concentrations of ionised analytes at different m/z 

ratios. Ions are generally single charged, hence m/z ratio represents the molecular weight 

of ions measured. Aerosols measured using the AMS may be composed of different 

types of compounds, many of which may be identified at the same m/z ratio. Moreover, 

due to the strong electron ionisation, ions tend to present fragmentation, making the 

AMS analysis challenging. In this context, the data analysis of AMS measurements was 

significantly improved with the introduction of fragmentation tables developed by Allan 

et al. (2004).  

The fragmentation tables may be user-defined through the AMS analysis toolkit 

(Allan et al. 2004), with the possibility of being updated or edited depending on the case 

study. With the fragmentation tables, it is possible to extract mass spectra of specific 

species depending on their contribution to a particular m/z ratio and their fragmentation 

patterns. Table 5 shows the key ion fragments used to identify aerosol species from AMS 

mass spectra. 
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Table 5: Main fragments to identify organic and inorganic compounds in AMS spectra. 

Bold text highlights the most useful fragments. 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, 

… 

 

3.1.2 Aerosol Chemical Speciation Monitor (ACSM) 

In principle, the ACSM (Aerodyne Research Inc.) is designed and built under the same 

sampling and detection technology as the state-of-the-art AMS instruments to measure 

non-refractory submicron particles (OA, NO3, SO4, NH4 and Cl). Due to its lower size, 

weight, cost, and power requirements, it is also more affordable to operate and it is 

capable of measuring over long periods without supervision. This instrument offers a 

detection limit of 0.2 μg·m-3 for a typical average sampling time of 30 min (Ng et al. 

2011). These characteristics make the ACSM to be suited for air quality monitoring 

applications. Figure 4 presents a schematic of the ACSM, with a similar arrangement as 

the AMS but with the use of only three pumps. There are two ACSM versions available 

which vary with regard to the mass spectrometer used: the quadrupole ACSM (Ng et al. 

2011) and the ToF-ACSM (Frohlich et al. 2013). 

 

Figure 4: Schematic of the ACSM. Reproduced from (Ng et al. 2011). 
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The ACSM sensitivity and time resolution are reduced compared to the AMS due to the 

use of lower-costing components. However, the ACSM has sufficient sensitivity to 

provide chemically speciated mass concentrations and aerosol mass spectra for typical 

urban aerosol loading (Takahama et al. 2013). 

3.1.3 Chemical Ionisation Mass Spectrometer (CIMS) 

The HR-ToF-CIMS (hereafter CIMS) measures concentrations of gas-phase compounds 

in real time by chemically ionising the analyte. This instrument is capable of providing 

measurements every second, which gives the opportunity to measure oxygenated VOC 

compounds in a high time resolution. The CIMS using iodide as reagent ion was first 

presented by Lee et al. (2014). Here a mixture of gas methyl iodide and H2O with N2 as 

the carrier gas was used to finally generate ions using polonium-210 (Le Breton et al. 

2014). Figure 5 shows a schematic of the CIMS, where ions are focused through four 

stages of differential pumping, by using five pumps. Sections S2 and S3 house 

quadrupole guides to provide energetic homogenization. Section S4 focuses ions, by 

using optical lenses, onto the ToF mass spectrometer, giving a high sensitivity of >300 

ions·s-1·pptv-1. Due to the soft ionisation, the CIMS preserves the chemical composition of 

the parent molecule. 

 

Figure 5: Schematic of the CIMS. Reproduced from (Bertram et al. 2011). 
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Iodide is used as a reagent ion due to the following characteristics: it has a large negative 

mass defect, allowing it to remain separate from other ions, it ionises a wide range of 

detectable compounds (mainly oxygenated volatile organic compounds and various 

inorganic species) and it is relatively easy to generate iodide ions (Brophy and Farmer 

2015). 

3.1.4 Filter Inlet for Gases and AEROsols (FIGAERO) 

The FIGAERO, when coupled to the CIMS, collects particles on a Teflon filter while 

gases are being measured by CIMS with further thermal desorption of particles that are 

then analysed using separate ports. This arrangement allows measurements in near real-

time both gases and aerosols (Lopez-Hilfiker et al. 2014). The inlet allows continuous 

measurements of gases while collecting particles on a Teflon filter. 

Detail information of the components of FIGAERO inlet is shown in Figure 6. The 

movable tray (red), which holds a filter, is used to change between sampling gases while 

collecting particles (Fig. 6.B) and particle analysis mode (Fig. 6.C). In the particle analysis 

mode, once the particles are collected, the tray changes position to the heating tube 

where a thermal desorption takes place using N2, which is heated ramping from ambient 

temperature up to 200° C, typically over 15 minutes. For quality assurance, it is 

recommended to take blank filters to determine background particle concentrations. 

Particle blank manifold is used to block particles from reaching the main manifold in 

order to determine background concentrations in the filter. 
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Figure 6: Schematic of the FIGAERO. Reproduced from (Lopez-Hilfiker et al. 2014). 

3.2 Source apportionment techniques 

The human being is the basic tool to identify the source of different pollutants. Whether 

by sight or smell, we can identify where pollutants are coming from and possibly, to 

determine specific pollutant sources; such as chlorine from swimming pools, gas leaks 

from stoves or smog from a fire. 

Source apportionment is an invaluable tool for policy making. The information 

obtained is of fundamental importance to determine which anthropogenic activity 

should be aimed to be reduced, eliminated or not even started, depending on the 

environmental impact. Another application of source apportionment tools is to perform 

health studies. There are different steps to study the impact of air pollution on health, 

which involve identifying the source of pollutants; characterising pollutants and their 

concentrations; quantifying pollutant concentrations to which the public is exposed; 

determining the actual dose the public intakes; to determining the human health 

response (NRC 1998). Poor air quality is originated from the source of pollutants; hence, 
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in order to more efficiently mitigate the impact of air pollution on health, it is necessary 

to understand the different sources related to atmospheric pollutants.  

The first techniques for source identification include numerical and statistical 

analysis, for instance, correlation of wind direction and speed with pollutants to 

determine source locations (Henry et al. 2002;Rigby and Toumi 2008). Another way to 

evaluate monitoring data is to subtract the measured concentrations at regional 

background levels from urban background or roadside levels to identify contributions 

among the different sites (Yin et al. 2010). More sophisticated computational tools to 

identify sources and to quantitatively determine their concentrations include numerical 

modelling, which involves the use of mathematical equations to determine the number 

and type of atmospheric pollutant sources.  

Based on the type of analysis, there are two types of models: source-orientated 

and receptor-orientated models. Source-orientated models use mathematical algorithms 

to simulate pollutants dispersion in the atmosphere; starting from the source emissions, 

simulating the transport, the chemical processes (when the model involves chemical 

reactions) and the deposition (Leelossy et al. 2014). Receptor-orientated models use the 

pollutant concentrations measured at the receptor site to determine the source 

contribution, using the mass conservation of the species principle (Henry 2002).  

3.2.1 Source-orientated models 

Source-orientated models are used to determine the transport of pollutants, emitted from 

specific sources, and their spatial concentrations. These emissions can be estimated from 

previous knowledge of a set of sources (i.e. industrial processes), using emission factors 

and from emission inventories. Source-orientated models use data from emission 

inventories to simulate the emissions dispersion (Kulmala et al. 2011;Beevers et al. 2013). 

This approach is not only useful when analysing the current pollutant concentration but 

it can also be used to study the different possible scenarios when applying mitigations or 

increasing concentrations. However, one downside of using inventories data is not 

available or is not elaborated in the detail required (Viana et al. 2008). 
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Apart from knowing pollutant concentrations and contributions from different sources, 

source-orientated models can be used to determine specific areas affected by high 

pollutant concentrations. When varying input data to the model, it is possible to simulate 

different scenarios and determine sites of impact. For example, if a new industry is going 

to be built, it is possible to determine the location with least impact to the inhabitants of a 

city. It is also possible to design monitoring networks according to different sources and 

characteristics of the city that will influence ambient concentrations, where the objective 

would be to determine the number of monitoring sites that should be representative of 

the area of interest. 

There are different model classifications: based on the frame time there are short-

term and long-term models, based on geographical context there are global, continental, 

regional and local models. Based on the chemistry processing, they can be categorised 

according to whether they involve pollutant chemical reactions, known as chemical 

transport models (CTM) or if they only involve transport into the atmosphere without 

chemical processes, known as dispersion models (De Visscher 2014). 

Gaussian plume models are the basic source-orientated model. This class of 

models considers wind speed, wind direction and turbulent diffusivity to be constant 

over time and space, considerations that are not met in real conditions. The advantage of 

these models is their simplicity and reduced computational time, while compromising 

accuracy compared to more sophisticated models. They tend to offer a good accuracy 

below 10-20 km of the study area (De Visscher 2014). Examples of these models are the 

Industrial Source Complex (ISC3) models, (with the short and long-term versions 

available), the SCREEN3 and AERMOD (https://www.epa.gov/scram, accessed: 

20/11/2017). The UK has developed a wide range of modelling software 

(http://www.cerc.co.uk/environmental-software.html, accessed: 05/12/2017), with 

different versions of the advanced dispersion model (ADMS). For instance, the ADMS5 

simulates emissions from existing and planned industrial complexes. The ADMS-Urban 

model is used for air quality management in urban areas, with the possibility to analyse 

motorways, roads and industrial areas to a street resolution. The AMS-Roads simulates 

https://www.epa.gov/scram
http://www.cerc.co.uk/environmental-software.html
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the dispersion of emissions from networks of roads and the ADMS-Airport simulates the 

air quality at airports. 

Another way to categorise source-orientated models is the way they analyse the 

system: Eulerian or Lagrangian models, which study the fluid motion from different 

perspectives (Leelossy et al. 2014). Eulerian models use a gridded system monitoring 

atmospheric processes and properties over time. They show a good performance over 

long distances and show a better performance with area (as opposed to point) sources 

than Lagrangian. However, they are computationally time-consuming and the time 

increases when a high grid resolution is needed. This class of model is suitable for 

chemical reactions and can predict photochemical smog. An example of an Eulerian 

model is the Community Multiscale Air Quality Modeling System, CMAQ (Byun and 

Ching 1999). 

On the other hand, Lagrangian models study the system by defining an “air 

parcel”, where individual air parcels are followed from source to receptor. The different 

position over time is called trajectory and it is possible to follow trajectories either 

backward (backward trajectories) or forward (forward trajectories). An example of a 

Lagrangian model is Numerical Atmospheric Dispersion Modelling Environment 

(NAME), which is a model developed by the UK Meteorological Office 

(https://www.metoffice.gov.uk, accessed: 02/11/2017). 

3.2.2 Receptor-orientated modelling 

Receptor-orientated modelling, which has been a useful tool proven to be effective to 

identify pollutants’ sources for many decades (Henry 2002), determines the source of 

pollutants measured at a specific site. Receptor-orientated models use on-site 

measurements to identify sources and apportion concentrations based in the principle of 

mass conservation, where it is assumed that pollutant concentrations measured at the 

receptor site are made of the sum of all sources (Hopke 1991). Receptor models differ 

based on the information needed to run it and the equations used to separate the 

sources. The two main modelling approaches are Chemical Mass Balance (CMB) and 

multiple factor analysis. 

https://www.metoffice.gov.uk/
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CMB is used to quantify sources of atmospheric pollutants. This model requires profiles 

of potentially contributing sources and data collected at a single receptor site (Schauer et 

al. 1996). In order to determine a composition profile, it is essential to identify the 

chemical species related to the source and their corresponding proportion to the source. 

CMB separates sources, sample by sample, giving the opportunity of getting daily 

information, which is useful to address air quality matters (Begum et al. 2007). As CMB 

can be applied even to a single sample, it offers valuable information when having a 

limited number of samples, where other receptor models cannot be used.  

CMB considers the number of sources and their composition is known (Schauer 

et al. 1996). The disadvantages are that it cannot deconvolve sources that have a similar 

composition and it can deconvolve only the sources to which the user has the 

composition profiles. When analysing daily samples, CMB cannot give higher time 

resolution, which can be achieved with other receptor models that deconvolve sources 

from high time resolution measurements. Composition profiles from a large dataset can 

be used in a smaller dataset if it is expected to have similar sources on both sites (Begum 

et al. 2007). 

Examples of multiple factor analysis include positive matrix factorisation (PMF) 

and the multilinear engine (ME-2). PMF and ME-2 are the solvers used in this work, 

hence they will be explained more in detail in the following sections.  

3.2.3 Positive Matrix Factorisation (PMF) 

PMF is a least-squares approach based on a receptor-only bilinear factor analysis model 

(Paatero and Tapper 1994). PMF is “a posteriori” technique, which means that it does not 

use previous knowledge of pollutants. The advantage of PMF is the fact that it constrains 

positive profiles and contributions, an important characteristic for real environmental 

parameters such as pollutant concentrations (Paatero et al. 2002).  

 X = GF + E (1) 

Equation 1 is the bilinear model, where X is the measured matrix. G represents 

the time series of a factor and F the profile of this factor (mass spectrum when analysing 

mass spectrometer measurements). E represents the model residual. PMF determines the 
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solution using a weighted least square fit to calculate the proper eij by minimizing the 

sum of the normalized Q (Equation 2). 

 
Q = ∑ ∑ (

𝑒𝑖𝑗

σ𝑖𝑗
)

2𝑛

𝑗=1

𝑚

𝑖=1

 (2) 

Where eij are the residuals and σij the estimated uncertainty for the points i and j.   

However, analysing Q may not be the best way to monitor the solutions due to 

the fact that the expected value depends on the number of selected factors and the size of 

the data matrix. Thus, it is better to normalize Q by the degree of freedom of the model 

solution, named Qexp using equation 3 (Paatero et al. 2002). 

 Qexp ≅ 𝑛 ∗ 𝑚 − 𝑝 ∗ (𝑚 + 𝑛) (3) 

Where p is the number of factors chosen, n is the number of samples and m the 

number of mass spectra. 

Ideally, if the model accurately captured the variability of the measured data, it 

would be expected to have Q/Qexp values close to 1. However, this value tends to change 

due to different variations in the data and overestimation of input data errors. Thus, it is 

advisable to explore the relative change of this ratio within different model runs; large 

decreases suggest an improvement in the different solutions. Solutions using least 

squares approach to solving a factor analysis problem may have linear transformations 

(also known as rotations). Rotational ambiguity represents all the “allowed” rotational 

transformations, T, that may be applied to G and F (Equation 4). There are two types of 

rotations: pure and approximate. For pure rotations, Q does not change after the 

rotations: 

 �̅� = GT            and             �̅� =  FT−1 (4) 

T is the non-singular matrix of dimension p x p 

T-1 is the inverse of T 

�̅� and �̅� are the rotated matrices of G and F respectively. 

Thus, the multiplication of �̅��̅� is equal to the multiplication of GF and Q does not 

change.  
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For approximate rotations, the multiplication GF changes and, therefore Q also changes. 

These rotations are considered acceptable if the Q value does not increase “significantly” 

(Paatero et al. 2002). It is advisable to explore the different solutions to study the changes 

in Q/Qexp. PMF limits these rotations by constrained non-negative values. However, there 

are cases where rotations are possible even with this constraint, giving the possibility of 

having an infinite number of possible solutions. PMF controls rotations with the user-

defined parameter Φ, called fpeak (Paatero et al. 2002). 

3.2.4 Multilinear Engine 2 (ME-2) 

ME-2 is a multivariate solver (Paatero 1999) that can determine solutions using the same 

data model as PMF. One advantage of ME2 over PMF is that the rotational ambiguity 

can be reduced by using the previous knowledge of profiles or time series. ME-2 can 

range from the completely constrained profiles in CMB to the unconstrained PMF as 

well as all the partially constrained solutions (Paatero and Hopke 2009). ME-2 partially 

constrains solutions using the a value approach (Canonaco et al. 2013). In the a value 

approach, the factor profiles (elements of F matrix) and/or the time series (elements of G 

matrix) may be constrained using target mass spectra/time series as a reference 

(Equations 5 and 6). The a value ranges from zero to one, the closer to zero the more 

constrained the solution is. 

 𝑓𝑗,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑓𝑗±𝑎 ∗ 𝑟𝑗 (5) 

 𝑔𝑗,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑔𝑗±𝑎 ∗ 𝑟𝑗 (6) 

Where f and g represent a row and a column of the F and G matrices, 

respectively. The a value controls the range of the output F/G to vary from the input F/G, 

with values ranging between 0 and 1. If one factor is partially constrained with a-

value=0.1 with a specific target mass spectrum, it means ME-2 will be looking for the 

lowest Q/Qexp among solutions that match this target mass spectrum and allowing it to 

vary ± 10%. 

3.2.5 Summary of source apportionment techniques. 

With different advantages and disadvantages, both source-orientated and receptor-

orientated models provide important information to study aerosol spatial-temporal 
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behaviour and identify their main sources. Source-orientated models range from 

computationally basic Gaussian plume models to more accurate, fundamental models 

which are highly computational demanding.  

Direct comparisons have been performed between these two approaches. For 

instance Chen et al. (2016), investigated the VOC emissions of two petrochemical 

complexes, evaluating the performance of CMB and ISC and performing a health risk 

assessment. When comparing with monitoring data, ISC showed to be reliable, with 

small variances under different conditions such as day-night time and dry-wet seasons. 

Also, CMB results were more consistent with data from Taiwan Emission Data System. 

However, when looking at the adverse health risks estimation, ISC was overestimated 

(75%-134%) when compared with measured data and CMB underestimated (27%-54%). 

It is important to carefully select the model to be used based on the resources available 

and the questions to be answered, among other selected criteria, to obtain the 

performance required when doing source apportionment. 

From the three main receptor models, CMB, PMF and ME-2, the latter has the 

advantage of offering flexibility in the analysis by partially constraining the solutions 

with the use of information from previous studies, in the way of mass spectra or time 

series. While PMF does not require previous information, CMB requires complete 

information of the sources to determine the different concentrations. This use of 

additional constraints on ME-2 source apportionment tool was seen as a great advantage 

and to be the future of source apportionment by Henry (2002). However, the ME-2 

analysis needs to be performed with caution as the success depends on the target mass 

spectra/time series used and the methodology applied to objectively select the solution 

that best deconvolves OA sources.  

It is worth remembering source apportionment models apply mathematical 

equations and do not identify pollutant sources automatically. It is the user who, after 

analysing results and preferably comparing with external data, interprets the different 

factors as potential pollutant sources. The highest accuracy will be achieved when the 

model has been chosen according to the needs and resources of the user. 
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Chapter 4 

Recent Organic Aerosol studies 

The use of factorization tools such as PMF and ME-2 deconvolvolves OA sources from 

aerosol mass spectrometry measurements. Characteristic peaks are used for the mass 

spectrum interpretation in order to to identify different sources. Biomass burning OA 

(BBOA) have characteristic peaks at m/z 60 (C2H4O+) and 73 (C3H5O+); m/z 60 is related to 

anhydrosugar fragments, such as levoglucosan, which are produced during cellulose 

pyrolysis (Alfarra et al. 2007). Correlations of BBOA with acetonitrile, levoglucosan, and 

potassium have been previously identified (Ng et al. 2010). In different environments, 

Cooking OA (COA) has been identified to have a significant contribution to OA (Allan et 

al. 2010;Mohr et al. 2012;Crippa et al. 2013). COA presents m/z peaks similar to the 

hydrocarbon-like OA (HOA) spectrum (m/z 55 and m/z 57, dominated by the CxHy+ 

family) but with a lower peak at m/z 57. These two peaks have been used to identify this 

important source (Lanz et al. 2007;Mohr et al. 2009;Allan et al. 2010). 

SOA are the main constituents of OA, ranging from 20% in urban areas to 90% in 

rural sites (Zhang et al. 2007). In general, there are two types of SOA, one highly aged 

oxygenated fraction with low volatility, namely Low Volatile Oxygenated OA (LVOOA) 

and one more volatile fraction known as Semi-volatile Oxygenated OA (SVOOA). In 

general, SVOOA represent fresh SOA, which, after photochemical processing, evolve 

into LVOOA (Jimenez et al. 2009). LVOOA can be distinguished by a dominant peak at 

m/z 44 (corresponding to the CO2+ ion) and SVOOA components typically showing a 

higher peak at m/z 43 (mostly C2OH3+). SOA, more than a source, are considered as a 

continuum of oxygenated organic aerosol properties in atmospheric aerosols. This 

ageing of OA components can be explored in the f43-f44 space (f43 and f44 represent the 

ratio of m/z 43 and m/z 44 total signal, respectively to the total signal of the mass 

spectrum), where LVOOA has higher f44 and lower 43 than SVOOA. (Ng et al. 

2010;Morgan et al. 2010). It is important to bear in mind that Ng et al. (2010) states that 

classification of LVOOA and SVOOA, as well as their composition, may change from site 

to site, thus the LVOOA composition at one site is not the same as in a different place.  
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Studies suggest that LVOOA follows the time trends of SO4 with a build-up in the 

afternoon (Lanz et al. 2007) and SVOOA may have a temperature dependent correlation 

with NO3 by condensing during the night and further reevaporation during the day 

(Ulbrich et al. 2009). However, not every site presents this behaviour; for instance, in a 

study carried out at North Kensington site, London by Young et al. (2015), a difference in 

the time series of SVOOA and NO3 was found, suggesting they presented different 

properties and/or sources. NO3 concentrations depend on the availability of precursor 

emissions but also on the season, ambient conditions, and air mass trajectory rather than 

any one factor (Young et al. 2015).  

Organic-nitrogen containing species, their characteristics and effects on human 

health have been identified and investigated for decades (Fernandez et al. 

1992;Muthuramu et al. 1993). However, an increasing interest to investigate them in 

more detail has recently become apparent due to new methodologies developed in the 

last few years (Farmer et al. 2010;Hao et al. 2014;Lee et al. 2016). In this work, the 

acronym particulate organic oxides of nitrogen (PON) has been used, which involves 

both nitrate and nitro organic compounds. PON is composed of a wide range of different 

species, making it challenging to directly quantify its concentrations in a high time 

resolution scale. Hence, AMS measurements have been performed, using m/z 30 as a 

characteristic signal to identify nitrogen-containing aerosols, to quantify PON 

concentrations using the Farmer method (Farmer et al. 2010;Kiendler-Scharr et al. 2016) 

or PMF analysis (Hao et al. 2014;Xu et al. 2015). 

4.1 On-line mass spectrometry studies 

The AMS has been widely used for measuring aerosol concentrations all around the 

world in a wide range of locations. These include laboratory experiments to study 

different types of combustion scenarios (Schneider et al. 2006), aircraft measurements to 

determine the OA aging from biomass burning (Cubison et al. 2011) and to explore the 

vertical OA profile (Heald et al. 2011). During 2008-2009, Crippa et al. (2014) carried out 

a comparison between datasets of 25 AMS across Europe. The average OA 

concentrations for different types of sites were: 0.66 μg·m-3 Jungfraujoch (high altitude), 

0.85 μg·m-3 Mace Head (remote), 3.21 μg·m-3 Harwell (rural) and 8.20 μg·m-3 Barcelona 
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(urban), highlighting the effect anthropogenic emissions have on OA concentrations in 

urban environments. The first long-term sampling to study the behaviour of non-

refractory aerosol in London was carried out employing a cToF-AMS from January 2012 

to January 2013, located at the urban background site of North Kensington (Young et al. 

2015). OA, NO3, SO4, NH4 and Cl were measured, obtaining the following average 

concentrations: 4.32, 2.74, 1.39, 1.30 and 0.15 μg·m−3, contributing 43, 28, 14, 13 and 2%, 

respectively, to the total submicron mass. One of the conclusions of this study was that 

further research should be performed to increase our understanding of solid fuel OA 

and COA.  

Recent AMS studies (Table 6), involve off-line AMS analysis (Daellenbach et al. 

2017). Off-line samples, on quartz filters, were taken in nine different sites in Switzerland 

using a hi-volume sampler, with further OA source apportionment using ME-2.  In order 

to perform AMS off-line analysis, four punches of 16 mm of diameter were sonicated 

with 10 mL of ultrapure water, nebulised, dried and injected to the AMS. Another off-

line study was performed by Chakraborty et al. (2017) who quantified water soluble OA 

(WSOA),  identifying the presence of organic nitrates (ON) in WSOA and determining 

that 2/3 of ON was found to be in WSOA.  

Further aerosol characterisation using AMS, along with a variety of instruments, 

involve aerosol volatility distribution of food cooking OA in a laboratory study 

(Louvaris et al. 2017); wood burning OA characterisation (Florou et al. 2017). A focus in 

urban studies in different countries has been observed, for instance in Switzerland 

(Daellenbach et al. 2017), Finland (Pirjola et al. 2017), performing physico-chemical 

characteristation of aerosols measured in a mobile laboratory van, The United States 

(Parworth et al. 2017) and Italy (Struckmeier et al. 2016). Another important aspect of 

urban environments that has been recently studied looks at coastal sites such as Korea 

(Lee et al. 2017) and Ireland (Dall’Osto et al. 2017). On this topic, Rivellini et al. (2017) 

presents results of the first AMS deployed in Africa, with data of a coastal site in Mbour, 

Senegal. 
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Table 6: Description of recent studies using AMS. Last time updated: December 2017 

Reference Site location Site type Sampling time 

(Chakraborty et al. 2017) 
Kanpur and 
Allahabad, India 

Urban, off-line Dec 2015– Feb 2016 

(Dall’Osto et al. 2017) Cork, Ireland Coastal-Urban 01-22 Feb 2009 

(Louvaris et al. 2017) Patras, Greece Laboratory - COA 
 

(Daellenbach et al. 2017) 
* Nine sites, 
Switzerland 

Ambient, off-line Jan-Dec 2013 

(Florou et al. 2017) 
Athens and Patras, 
Greece 

Urban 
Winter 2012 and 
Winter 2013 

(Lee et al. 2017) 
Boseong and 
Gwangju, Korea 

Coastal and 
urban 

Autumn 2012 and 
Autumn 2013 

(Rivellini et al. 2017) Mbour, Senegal Coastal March to June 2015 

(Struckmeier et al. 2016) Rome Italy 
suburban and 
urban 

Oct-Nov 2013, May-
Jun 2014 

(Pirjola et al. 2017) Helsinki, Finland Urban - mobile 15-27 February 2012 

(Parworth et al. 2017) California, USA Urban Jan-Feb 2013 

* Basel,Bern, Payerne, Zürich, Frauenfeld, St. Gallen, Vaduz, Magadino and San Vittore. 

The ACSM was deployed, for the first time, at Queens NY, from July 13th to 

August 4th, 2010 (Ng et al. 2011), where a comparison with a HR-ToF-AMS was 

performed. Both instruments showed a similar trend. These results revealed that there is 

a very good correlation between the ACSM and the HR-ToF-AMS data with Pearson 

values ranging from 0.81 to 0.91.  

 Minguillón et al. (2015) performed OA source apportionment from ACSM 

measurements in Montseny, a regional background site in Spain. Here, they identified 

three organic sources in summer (HOA, SVOOA and LVOOA) and three in winter 

(HOA, BBOA and OOA). SOA resulted to be the highest contributor to OA 

concentrations, making up more than 80% of total OA in summer and about 60% in 

winter. A similar high SOA contribution to OA concentrations was observed at the 

continental background site, Montsec, France. In this site OA, contributions of 71% 

(OOA), 5% (HOA) and 24% (BBOA) were calculated (Ripoll et al. 2015). 

Many studies have been performed using the ACSM during the year 2017. Claeys 

et al. (2017) studied primary marine aerosol properties in a coastal site in the western 

Mediterranean. Another study in the Mediterranean area involves ACSM measurements 

along with VOCs and black carbon, being able to perform source apportionment on 

VOCs and OA-ACSM measurements (Michoud et al. 2017b). Drinovec et al. (2017) 
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performed ambient measurements in Paris, France to investigate the filter loading effect 

in photometers. China, in particular, has been recently studying atmospheric aerosols 

using the ACSM (Li et al. 2017e;Zhao et al. 2017a). Li et al. (2017a) studied the 

contribution of coal and biomass combustion to aerosol concentrations. Li et al. (2017d) 

investigated the influences of new particle formation in a suburban site. Other studies in 

China involve analysing local and regional aerosol sources during the spring festival 

(Wang et al. 2017a). Studies have been performed in different cities in China, focusing on 

nitrogen species and their formation mechanisms (Yang et al. 2017;Ge et al. 2017). 

The FIGAERO inlet, attached to a CIMS, has been used in different environments. 

A study performed on a remote site investigated the volatility of SOA formed from alpha 

pinene ozonolysis and OH oxidation (Lopez-Hilfiker et al. 2015). This study found 

FIGAERO measurements to correlate well with OA measured by AMS, being able to 

explain at least 25%-50% of OA. Schobesberger et al. (2016) determined formic acid 

fluxes from measurements performed at a boreal forest canopy and their dependency on 

temperature and relative humidity. Liu et al. (2016) used the FIGAERO, along with other 

instruments, to measure isoprene SOA formation from non-IEPOX pathway in a 

chamber experiment, which allowed understanding SOA formation in biogenic-reach 

regions with limited anthropogenic emissions. Gaston et al. (2016) determined the 

molecular composition of wintertime particulate matter, identifying a major contribution 

from residential wood smoke. Levoglucosan concentrations from 0.002 to 19 µg·m-3 were 

measured, with a median mass concentration of 0.9 µg·m-3. 

Thompson et al. (2017) performed an intercomparison of ground-based 

measurements of gas/particle (G/P) partitioning. Measurements were taken in Summer 

2013 in the United States; pinonic acid (C10H16O3), pinic acid (C9H14O4), and hydroxyl 

glutaric acid (C5H8O5) were compared with four instruments; the Semi-Volatile Thermal 

desorption Aerosol Gas chromatograph (SV-TAG), the HR Thermal Desorption Proton-

Transfer Reaction Mass Spectrometer (HR-TD-PTRMS) and two FIGAERO-CIMS: one 

using acetate and the other one using iodide as reagent ions. Gas to particle (G/P) 

partitioning calculated from these measurements was also compared with modelled G/P 
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partitioning. All the instruments showed similar G/P trend as values obtained with the 

model, increasing G/P ratios when increasing vapour pressure.  

4.2 PMF/ME-2 studies 

The first time PMF was applied to OA data measured with an AMS was performed by 

Lanz et al. (2007), using measurements taken at an urban background site in Zurich in 

the summer of 2005. Six sources were identified: LVOOA, SVOOA, HOA, Charbroiling-

like OA, BBOA, and a minor source, COA. Subsequently, PMF was successfully applied 

to other datasets, acquired from a wide range of sampling sites and with different 

techniques.  

 

Figure 7: Results of PMF analysis to 43 studies around the world. Average total mass 

concentration (a); average mass concentration of SOA (b); average mass concentration of 

POA (c). Reproduced from (Ng et al. 2010). 
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Figure 7 presents the results of 43 studies carried out at different sites around the world 

(Ng et al. 2010). It is worth emphasizing the high proportion OA represented in the total 

aerosol concentrations at all the different sites (From urban to rural). This study provides 

a broad overview of aerosol composition and the importance of SOA. Despite showing 

only BBOA and HOA sources, in other studies it is possible to find other relevant sources 

such as COA (Allan et al. 2010;Huang et al. 2010;Liu et al. 2012;Mohr et al. 2012;Sun et al. 

2013), these studies started showing interest in COA as an important contributor to POA 

concentrations. 

Lanz et al. (2008) performed the first ME-2 analysis using data from an AMS 

deployed at an urban-background site in Zurich in 2008. In this study, ME-2 was 

successfully applied to deconvolve OA sources in a rural site during winter, an analysis 

not possible to realize with PMF. The analysis provided a three-factor solution (HOA, 

BBOA and OOA) determined by partially constraining HOA. The factor analysis results 

were compared with levoglucosan, SO4, NO3, CO, as well as with previously published 

AMS data, showing good correlations. However, after this study, ME-2 was not widely 

applied due to its highly time-consuming nature, since it requires a high level of data 

manipulation due to the possibility to explore the diverse factor solutions available with 

the different partial constraints. This situation has been improved with the use of the 

graphic user interface, Source Finder (SoFi, version 4.8) developed by Canonaco et al. 

(2013), which allows running the bilinear model, with or without constraints, being 

possible to run CMB, PMF or ME-2. SoFi allows to analyse and compare different 

solutions to determine the optimal solution. 

ME-2 shows a better performance, compared to PMF, when a well-defined profile 

(chemical fingerprint, for instance, BBOA) has a high diurnal correlation with another 

factor. In this situation, their time series could not be separated with PMF (Lanz et al. 

2010). Canonaco et al. (2013) also state that PMF does not have a good performance 

under meteorological conditions such as rainfall or boundary layer evolution, increasing 

the mixing factors. Under these conditions, ME-2 is a useful tool to determine different 

OA sources. 
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Crippa et al. (2014) applied the ME-2 tool to 25 AMS datasets across Europe within the 

framework of the European Integrated project on Aerosol, Cloud, Climate, and Air 

Quality Interactions (EUCAARI). The AMS collected data from three intensive 

campaigns part of the European Monitoring and Evaluation Programme (EMEP): 2008 

(May–June and September–October) and 2009 (February–March). Figure 8 presents the 

sampling sites accounting for urban (UR), rural (RU), remote (RE) and high altitude 

(HA) sites, where is possible to observe higher OA concentrations at urban sites. COA 

was determined only in Barcelona (BCN) where a considerable contribution to the total 

OA was calculated. In this comparison with 25 AMS, it was found that constraining 3 

factors (HOA-BBOA-COA) reduced the diurnal Q/Qexp to a greater extent than when 

constraining only 2 factors (HOA-BBOA). 

 

Figure 8: Sampling sites and average OA source contributions. Urban (UR); rural (RU); 

remote (RE) and high altitude (HA). Reproduced from (Crippa et al. 2014).  

 Kupiainen and Klimont (2007) determined that the main sources of POA in 

Europe were emissions from traffic and the residential combustion of solid fuels. Allan et 
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al. (2010) found HOA, solid fuel OA and COA to be the main sources of OA in 

Manchester and London. Liu et al. (2011) also determined that the main OA sources in 

Manchester were HOA and BBOA, with emissions from BBOA to be higher during 

winter due to domestic heating.  

Table 7: Studies of OA sources with ME-2 in 2017. Last time updated: December 2017.  

Reference OA sources identified Site type Sampling time Site location 

(Zhang et al. 
2017b)  

IEPOX-SOA, LVOOA, MOOA, 
HOA 

Urban Summer 2013 Nanjing, China 

(Zhang et al. 
2017a) 

HOA, CCOA, COA, BBOA, 
OOA1, OO2 

Urban Oct-Dec 2014 Lanzhou, China  

(Wolf et al. 
2017) 

Bacteria-like, COA, LVOOA, 
SVOOA, HOA 

Urban – PM2.5 07-19 April 2011 
Zurich, 
Switzerland 

(Wang et al. 
2017b) 

HOA, COA, BBOA, CCOA, 
LOOOA, MOOOA 

Urban Feb-Mar 2014 Baoji, China 

(Schlag et al. 
2017) 

SVOOA, LVOOA, HULIS, 
MSAOA, BBOA, HOA 

Rural May-July 2012 
Cabauw, 
Netherlands 

(Rivellini et al. 
2017) 

LCOA, COA, HOA, OOA coastal March to June 2015 Mbour, Senegal 

(Rattanavaraha 
et al. 2017) 

HOA, BBOA, IEPOXOA, 91Frag, 
LVOOA, SVOOA 

urban March 2014 - Feb 2015 Atlanta, Georgia 

(Qin et al. 
2017) 

HOA, COA, BBOA, SVOOA, 
LVOOA 

urban Nov-Dec 2014 
Panyu, 
Guangzhou 

(Michoud et al. 
2017a) 

HOA, SVOOA, LVOOA Remote July - August 2013 Ersa, France 

(Li et al. 2017b) HOA,CCOA, BBOA, OOA Urban Winter 2015 Handan, China  

(Kaltsonoudis 
et al. 2017) 

HOA, COA, BBOA, OOA Mediterranean February 2012 Patras, Greece 

+(Bozzetti et 
al. 2017b) 

BBOA, LOA, Summer OA and 
background OA 

*three sites Sep 2013-Sep 2014 *Lithuania 

+(Bozzetti et 
al. 2017a) 

HOA, COA, BBOA, OOA, 
INDOA 

Mediterranean Aug 2011- July 2012 Marseille, France 

+ Off-line AMS measurements. 

* Urban background (Vilnius), rural (Rūgšteliškis) and rural coastal (Preila). 

Studies published during 2017 have identified a wide range of OA sources (Table 

7). The most identified OA sources are BBOA, HOA, COA, and secondary OA. However, 

other types of sources involve; bacteria-like OA, methanesulfonic acid OA (MSAOA), 

industrial OA (INDOA) and coal combustion OA (CCOA). Bacteria-like OA were 

identified using a PM2.5 inlet in the AMS and the m/z 70 as a tracer. This tracer is related 

to the contribution of decarboxylation products of amino acids to the C4H8N+ ion (Wolf 

et al. 2015;Wolf et al. 2017).  MSAOA factor was attributed to methanesulfonic acid and 

identified to be related to marine sources (Schlag et al. 2017). INDOA, which were 

quantified from aerosol off-line filter collection with further AMS-ME-2 analysis, were 

identified to have high correlations with selenium (Se) (Bozzetti et al. 2017a). CCOA is an 

important source in places like China, as a result of the high consumption of coal as an 
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energy source. CCOA has been found to have characteristic signals at m/z 41, 43, 44, 55, 

57, 69, 91 and 115 and good correlations with chloride (Cl-) (Zhang et al. 2017a). 

However, these tracers, m/z ratios and Cl-, may correlate also with other sources, for 

example, BBOA and HOA. Hence, it is recommended to analyse other parameters such 

as diurnal and daily concentrations. 

ME-2 can be used to perform source apportionment with any other type of 

measurements. As a case in point, Visser et al. (2015) performed trace element source 

apportionment to PM10–2.5, PM2.5–1 and PM1–0.3 measurements with two-hour time 

resolution. Nine trace element sources were identified varying with diameter size: PM10–

2.5, brake wear, traffic-related, re-suspended dust, sea/road salt, aged sea salt and 

industrial; in PM2.5–1, brake wear, other traffic-related, re-suspended dust, sea/road salt, 

aged sea salt and S-rich; and in PM1–0.3, traffic-related re-suspended dust, sea/road salt, 

aged sea salt, reacted Cl, S-rich and solid fuel. Zhang et al. (2015) identified fossil and 

non-fossil sources of carbonaceous aerosols in four cities in China. This analysis was 

performed using the following measurements; EC/OC, ions and polycyclic aromatic 

hydrocarbons (PAHs), oxygenated PAHs, resin acids, anhydrous sugars and AMS off-

line measurements.  

This section presented a description of the main OA sources including BBOA, 

HOA and COA, with other sources such as PON, CCOA, INDOA, MSAOA and Bacteria-

like OA identified in different parts of the world in sites from rural, Mediterranean and 

urban. All these OA sources have been identified from aerosol mass spectrometer 

measurements, both off-line and on-line, and performing ME-2 analysis via the recently 

developed SoFi interphase. This software has facilitated the source apportionment 

analysis, with it being possible to identify OA sources around the world. POA have been 

shown to have an important contribution to total OA concentration. BBOA has a major 

contribution during winter as a result of biomass burning used for domestic heating. 

Different studies have been performed exploring COA chemical composition (Dall’Osto 

et al. 2015) and concentrations in urban environments. However further research has to 

be done in order to completely understand these sources, their composition and 

interactions with gases. 
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Chapter 5 

Outline and objectives 

Worldwide, air pollution is considered to have one of the greatest impacts on human 

health (Lim et al. 2012) as well as adverse effects on the environmental resources and 

damage to property. During the last few decades, air pollution has been a matter of 

concern in urban environments, especially in cities with more than 10 million 

inhabitants, known as megacities. It is important to state that the number of megacities 

has been increasing during the last few decades and this number is expected to continue 

to increase in the coming years (Molina and Molina 2004). Moreover, the United Nations 

estimates that by 2030, half of the world’s population (4.9 billion inhabitants out of 8.3 

billion) will be living in urban environments (United Nations 2012). Developed countries 

have made great improvements in air quality. Nevertheless, air pollution still represents 

a significant public health issue (Deguen et al. 2012). 

It is important to study atmospheric aerosols due to their negative effects on air 

quality and climate (Fuzzi et al. 2015). Aerosols have a complex chemical composition, 

with a variety of sources and physicochemical processes between the particle and gas 

phases, which are yet to be completely understood. Organic aerosols (OA) represent 

around 20%-90% of total submicron particulate matter (Zhang et al. 2007). OA are 

composed of thousands of different species, which makes challenging to determine their 

sources. In urban environments, their main sources are related to traffic emissions, 

cooking food, burning biomass among other primary sources, as well as the contribution 

of secondary organic aerosols produced from physicochemical processes in the 

atmosphere. 

Mass spectrometers have proven to be robust instruments to perform on-line 

measurements of chemical species. Along with the development of instruments to 

measure aerosol concentrations, the ability to determine the possible origin of these 

aerosols is needed; receptor models have been successfully used to identify pollutants 

sources. PMF is a factorisation tool that has been widely used to perform source 
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apportionment. ME-2, which solves the same equations as PMF, was developed many 

years ago (Paatero 1999). However, due to its time consuming nature to explore the 

solution space, it was not until SoFi interphase was developed by Canonaco et al. (2013), 

which facilitates running and analysing solutions, that ME-2 started being widely 

applied to perform source apportionment. The increased use of ME-2 to identify 

pollutant sources showed the need for developing standardised methods to objectively 

explore the solution space. 

The study of ambient measurements is essential to identify pollutant sources in 

urban environments and understand their processes. Moreover, it is important to study 

direct fresh emissions from anthropogenic sources in order to understand their chemical 

composition before they start reacting on the atmosphere and to provide target profiles 

to be used in future source apportionment studies.   

The work presented in this thesis investigates organic aerosols, their sources and 

chemical characterisation, both from ambient and laboratory measurements. This will be 

performed by using on-line mass spectrometers such as ACSM, cToF-AMS, HR-ToF-

AMS and FIGAERO-HR-ToF-CIMS. The study of ambient measurements will increase 

our knowledge about aerosol behaviour in urban environments, both during long-term 

measurements (10 months) and during a special event with high biomass burning 

concentrations, known as Bonfire Night. OA source apportionment, of ambient 

measurements, will be performed using PMF and ME-2 factorisation tools. Laboratory 

measurements will involve detailed analysis of cooking emissions (English breakfast, 

fish and chips and different types of meats and vegetables) in order to investigate their 

particle and gas physicochemical properties.  
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5.2 Objectives 

The use of mass spectrometers, performing near real-time measurements of particles and 

gases, together with the use of tools to perform source apportionment, such as SoFi 

interphase, provide the opportunity to perform a detailed analysis of OA sources 

chemical characterisation in different scenarios. This will be investigated with the 

following objectives: 

 To investigate the long-term and seasonal behaviour of OA sources in an urban 

environment.  

 To test ME-2 performance both in long-term measurements and a special 

nocturnal event with high biomass burning emissions. 

 To implement a new technique to objectively determine the optimal solution that 

separates the OA sources. 

 To analyse night-time chemistry of OA, focusing on particulate organic oxides of 

nitrogen. 

 To investigate cooking organic aerosols (COA), their chemical composition, both 

in the gas and particle phase and the effect of dilution on semi-volatility. 

 To identify food cooking markers, both in gas and particle phases, to be used in 

future source apportionment models.  

 To generate mass spectra of OA, both from ambient and laboratory 

measurements, to be used as input information for future source apportionment 

studies. 
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Chapter 6 

Results 

Paper 1 

6.1 Organic aerosol source apportionment in London 2013 with ME-2: 

exploring the solution space with annual and seasonal analysis 

Ernesto Reyes-Villegas, David C. Green, Max Priestman, Francesco Canonaco, Hugh Coe, André S. 

H. Prévôt, and James D. Allan 

www.atmos-chem-phys.net/16/15545/2016/ 

doi:10.5194/acp-16-15545-2016 

Research highlights: 

 Here are shown the results of the first ACSM deployed in the UK, analysing long-

term aerosol concentrations (10 months). OA sources were deconvolved using the 

PMF/ME-2 via the SoFi interfase. 

 A strategy has been proposed, using predefined statistical tests, to explore the 

solution space and objectively determine the optimal solution that deconvolves 

OA sources. 

 Five OA sources were identified: biomass burning OA (BBOA), hydrocarbon-like 

OA (HOA), cooking OA (COA), semivolatile oxygenated OA (SVOOA) and low-

volatility oxygenated OA (LVOOA). 

 A possible higher contribution of heavy-duty vehicles to air pollution compared 

to petrol vehicles was identified. 

Author contributions: 

For this work, Dr David Green and Max Priestman had previously collected the data. I 

conducted all the data analysis and personally wrote the manuscript and worked on the 

comments from co-authors as well as addressing the reviewer’s comments. Always 

under the guidance of Dr James Allan as my supervisor. 

http://www.atmos-chem-phys.net/16/15545/2016/
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Abstract. The multilinear engine (ME-2) factorization tool
is being widely used following the recent development of
the Source Finder (SoFi) interface at the Paul Scherrer In-
stitute. However, the success of this tool, when using the
a value approach, largely depends on the inputs (i.e. target
profiles) applied as well as the experience of the user. A
strategy to explore the solution space is proposed, in which
the solution that best describes the organic aerosol (OA)
sources is determined according to the systematic applica-
tion of predefined statistical tests. This includes trilinear re-
gression, which proves to be a useful tool for comparing dif-
ferent ME-2 solutions. Aerosol Chemical Speciation Monitor
(ACSM) measurements were carried out at the urban back-
ground site of North Kensington, London from March to De-
cember 2013, where for the first time the behaviour of OA
sources and their possible environmental implications were
studied using an ACSM. Five OA sources were identified:
biomass burning OA (BBOA), hydrocarbon-like OA (HOA),
cooking OA (COA), semivolatile oxygenated OA (SVOOA)
and low-volatility oxygenated OA (LVOOA). ME-2 analy-
sis of the seasonal data sets (spring, summer and autumn)
showed a higher variability in the OA sources that was not
detected in the combined March–December data set; this
variability was explored with the triangle plots f 44 : f 43
f 44 : f 60, in which a high variation of SVOOA relative to
LVOOA was observed in the f 44 : f 43 analysis. Hence, it
was possible to conclude that, when performing source ap-
portionment to long-term measurements, important informa-
tion may be lost and this analysis should be done to short pe-

riods of time, such as seasonally. Further analysis on the at-
mospheric implications of these OA sources was carried out,
identifying evidence of the possible contribution of heavy-
duty diesel vehicles to air pollution during weekdays com-
pared to those fuelled by petrol.

1 Introduction

Developed countries have made great improvements in air
quality. However, air pollution still represents a significant air
quality issue, mainly in urban cities, due to the sheer number
of inhabitants and the associated anthropogenic emissions re-
sulting from the inhabitants’ daily activities (transportation,
energy production and industrial activities). Aerosols, in par-
ticular, have significant effects on air quality (Watson, 2002;
Pope and Dockery, 2006; Keywood et al., 2015).

Organic aerosols (OA) are one of the main constituents of
submicron particulate matter, composing 20–90 % of the to-
tal submicron particle mass (Zhang et al., 2007). OA are clas-
sified according to their origin, either as primary OA (POA)
or secondary OA (SOA). POA are directly emitted from a
range of sources while SOA are produced from gaseous pre-
cursors (volatile organic compounds, VOCs) by chemical
reactions in the atmosphere. POA sources range from traf-
fic emissions (hydrocarbon-like OA, HOA), biomass burning
OA (BBOA) to OA emissions from cooking (COA), among
others. Kupiainen and Klimont (2007) determined that the
main sources of POA in Europe were emissions from traf-

Published by Copernicus Publications on behalf of the European Geosciences Union.
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fic and the residential combustion of solid fuels. Allan et
al. (2010) identified three POA sources in Manchester and
London: transport, burning of solid fuels and cooking. SOA
are the main constituents of OA, ranging from 64 in ur-
ban areas to 95 % in rural sites (Zhang et al., 2007). Pre-
vious source apportionment studies (Zhang et al., 2011) of-
ten identified a highly oxygenated fraction with low volatility
(LVOOA) and a less oxygenated and more volatile species,
semivolatile oxygenated OA (SVOOA). In general, SVOOA
represent fresh SOA, which, after photochemical processing,
evolve into LVOOA (Jimenez et al., 2009). POA and SOA
concentrations vary over seasons and years, thus in order to
study the OA sources and processes as well as their impacts
on air quality, it is necessary to carry out long-term measure-
ments and subsequent source apportionment data analysis.

Aerosol mass spectrometry has been widely used for mea-
suring aerosol concentrations in a wide range of ground-
based measurements (Hildebrandt et al., 2011; Mohr et al.,
2012; Saarikoski et al., 2012; Young et al., 2015b). In par-
ticular, the Aerosol Chemical Speciation Monitor (ACSM),
which has been recently developed (Ng et al., 2011), has been
used to carry out long-term measurements of non-refractory
submicron aerosols around the world, for instance in an
industrial–residential area in Atlanta, Georgia (Budisulistior-
ini et al., 2014), on a high-elevation mountain in Canada
(Takahama et al., 2011), at background locations in South
Africa (Vakkari et al., 2014) and Spain (Minguillón et al.,
2015a; Ripoll et al., 2015), on a semi-rural site in Paris (Petit
et al., 2015) and at an urban background site in Switzerland
(Canonaco et al., 2015).

Source apportionment techniques have been widely used
to quantitatively determine aerosol sources. The main
source apportionment models include chemical mass balance
(CMB) and positive matrix factorization (PMF).

CMB uses prior knowledge of source profiles and assumes
that the composition of all sources is well defined and known
(Henry et al., 1984). This technique is ideal when changes
between the source and the receptor are minimal, although
this barely happens in real atmospheric conditions and the
constraints may add a high level of uncertainty.

PMF is a least-squares approach based on a receptor-
only multivariate factor analytic model (Paatero and Tapper,
1994). The main difference between PMF and CMB is that
PMF does not require any information as input to the model
and the profiles and contributions are uniquely modelled by
the solver (Paatero et al., 2002). PMF was applied to OA
data measured with an AMS for the first time by Lanz et
al. (2007), using measurements taken at an urban background
site in Zurich in the summer of 2005, where six OA sources
were determined: LVOOA, SVOOA, HOA, charbroiling-like
OA, BBOA and COA. Subsequently, PMF was successfully
applied to other data sets, acquired from a wide range of sam-
pling sites and with different techniques, Ng et al. (2010)
compiled and analysed 43 studies carried out at different sites
around the world. This study provided a broad overview of

aerosol composition and the importance of SOA as well as
BBOA and HOA sources. In other PMF studies, it was pos-
sible to find other relevant sources such as COA (Allan et al.,
2010; Huang et al., 2010; Liu et al., 2012; Mohr et al., 2012;
Sun et al., 2013; Crippa et al., 2013a).

ME-2 is a multivariate solver that determines solutions us-
ing the same equations as PMF (Paatero, 1999), with the
possibility of using previous knowledge (factor time series
and/or factor profiles) as inputs to the model to partially con-
strain the solution, thereby reducing the rotational ambiguity
(Paatero et al., 2002). This leads to more interpretable PMF
solution(s) as shown in Lanz et al. (2008), in which three
sources of OA were successfully determined (traffic related,
solid fuel and secondary OA) during winter in an urban back-
ground site in Zurich. Here, unconstrained PMF runs failed
to identify the environmental solution. This was most prob-
ably due to a high degree of temporal covariation in the OA
sources driven by low temperatures and periods of strong in-
version.

The development of the Source Finder (SoFi) interface
(Canonaco et al., 2013) written on the software package Igor
Pro (WaveMetrics, Inc.), together with a further standard-
ized approach developed by Crippa et al. (2014), allowed
different OA source apportionment studies to be undertaken.
These include a study at a suburban background site in Paris,
France during January–March 2012 (Petit et al., 2014); labo-
ratory studies analysing atmospheric ageing from the photo-
oxidation of α-pinene and of wood combustion emissions in
smog chambers and flow reactors (Bruns et al., 2015) and
long-term measurements (February 2011–February 2012)
carried out at an urban background site in Zurich, Switzer-
land on differences in oxygenated OA during summer and
winter periods (Canonaco et al., 2015). As part of the AC-
TRIS project (Aerosols, Clouds, and Trace gases Research
InfraStructure Network; Fröhlich et al., 2015), an intercom-
parison between 14 ACSMs and one high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS) was car-
ried out at the SIRTA site in Gif-sur-Yvette near Paris, iden-
tifying four sources: hydrocarbon-like OA (HOA), OA re-
lated to cooking activities (COA), biomass burning related
OA (BBOA) and oxygenated organic aerosol (OOA). These
four sources were successfully identified from HR-ToF-AMS
measurements with unconstrained PMF analysis. However,
in the case of the ACSM data sets, it was necessary to par-
tially constrain solutions via ME-2 analysis, probably due
to the low signal to noise ratio of ACSM data compared to
the AMS and the rural site type. Furthermore, new ME-2
source apportionment studies have been published this year
(Bozzetti et al., 2016; Fountoukis et al., 2016; Milic et al.,
2016; Elser et al., 2016), and even more are expected to come
due to the successful application of SoFi. Thus, new strate-
gies to systematically explore the solutions are needed.

This study includes data analysis of the first ACSM in-
strument deployed in the UK at the North Kensington site
from March to December 2013, using the recently devel-
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oped graphical interface SoFi to perform non-refractory OA
source apportionment analysis with the ME-2 factorization
tool, implementing a strategy to determine the solution that
best identifies OA sources, according to the statistical tests
applied and providing further discussion of the various iden-
tified OA sources.

2 Methodology

The data used in this analysis (5 March–30 December 2013)
were obtained using an Aerosol Chemical Speciation Moni-
tor (ACSM), deployed at the urban background site in North
Kensington, London. This instrument is owned by The De-
partment for Environment, Food and Rural Affairs (DEFRA)
and is part of the Aerosols, Clouds, and Trace gases Research
InfraStructure Network (ACTRIS).

Source apportionment of OA was carried out using the
PMF model implemented through the multilinear engine tool
(ME-2) and controlled via the Source Finder (SoFi) graphi-
cal user interface version 4.8, developed at the Paul Scherrer
Institute (PSI), Switzerland (Canonaco et al., 2013).

2.1 Site and instrumentation

North Kensington (51.5215◦, −0.2129◦) is an urban back-
ground site located adjacent to a school, 7 km to the west
of central London. There is a residential road 30 m to the
east with an average traffic flow of 8000 vehicles per day
(Bigi and Harrison, 2010). This monitoring site is part of the
DEFRA Automatic Urban and Rural Network (http://uk-air.
defra.gov.uk/networks/network-info?view=aurn).

As an urban background site, North Kensington is not sig-
nificantly influenced by a single source or street, and concen-
trations may be analysed as an integrated contribution from
all sources upwind of the site in London. This site is widely
accepted as representative of background air quality in cen-
tral London and has a large set of long-term measurements
for various pollutants (Bigi and Harrison, 2010). Different
studies have been carried out at this site such as the analy-
sis of elemental and organic carbon concentrations in offline
measurements of particulate matter with a diameter less than
10 micrometres (PM10; Jones and Harrison, 2005), PM10
and NOx association with wind speed (Jones et al., 2010),
properties of nanoparticles (Dall’Osto et al., 2011), PM10
and PM2.5 (Liu and Harrison, 2011) and aerosol chemical
composition (Beccaceci et al., 2015) in the atmosphere. The
first long-term study of the behaviour of non-refractory in-
organic and organic aerosols (PM1) at the North Kensington
site analysed cToF-AMS data collected from January 2012
to January 2013 (Young et al., 2015a) A source apportion-
ment analysis was carried out, applying unconstrained PMF
runs, with five identified sources: HOA, COA, solid fuel OA
(SFOA), SVOOA and LVOOA.

The Aerosol Chemical Speciation Monitor (ACSM) mea-
sures, in real time, the mass and chemical composition of
particulate organics, nitrate (NO3), sulphate (SO4), ammo-
nium (NH4) and chloride (Cl) ions, with a detection limit of
0.2 µg m−3 for an average sampling time of 30 min (Ng et
al., 2011). These chemical species measured by the ACSM
are determined according to the same methodology used in
the AMS as defined by Allan et al. (2004). In principle, the
ACSM is designed and built under the same sampling and de-
tection technology as the state-of-the-art Aerosol Mass Spec-
trometer (AMS) instruments. However, the ACSM is better
suited for air quality monitoring applications due to its lower
size, weight, cost, and power requirements; it is also more
affordable to operate and is capable of measuring over long
periods of time without supervision (Ng et al., 2011).

Time series of pollutants such as BC, CO, NOx , OC, EC
were downloaded from the DEFRA website for the North
Kensington monitoring site. Wind speed and direction data
were obtained from the meteorological station at Heathrow
airport (located 17 km from the sampling site). Wind data
from this site were used due to their representativeness of
regional winds without being affected by surrounding build-
ings.

2.2 Source apportionment (ME-2)

The multilinear engine algorithm (Paatero, 1999) is a multi-
variate solver that is typically used to solve the PMF model,
which is based on a receptor-only factor analytic model
(Paatero and Tapper, 1994). The bilinear representation of
PMF solves Eq. (1), written in matrix notation, which rep-
resents the mass balance between the factor profiles and the
concentrations.

X =G×F+E (1)

The elements gik of matrix G represent the time series and
the elements fkj of matrix F represent the j elements of
the profile (for example, mass spectrum) and E is the model
residual.

The parameters f and g are fitted using a least squares
approach that iteratively minimizes the variable Q (Paatero
et al., 2002).

Q(fg)=

m∑
i=1

n∑
j=1

(
eij

σij

)2

, (2)

where eij represent the residuals and σij the estimated uncer-
tainty for the points i and j .

The variable Q depends on the number of selected fac-
tors and the size of the data matrix; hence it is necessary to
normalize Q by the degree of freedom of the model solution
(Qexp; Paatero et al., 2002) to monitor solutions.

Qexp ∼= n×m−p× (m+ n), (3)
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Table 1. Sets of target profiles used in the study.

a c s w

BBOA SFOA HOA SFOA
HOA HOA COA HOA
COA COA SVOOA COA

 

          Set of winter TP           Seed 1 

 

       w B5 _ H2 _ C3 _ S1 

 

BBOA with an a value of 0.5    COA with an a value of 0.3 

HOA with an a value of 0.2 

Figure 1. Coding used to identify the different runs.

where p is the number of factors chosen, n the number of
samples and m the mass spectra. Ideally, if the model accu-
rately captured the variability of the measured data, it would
be expected to have a value of Q/Qexp = 1, but this value
depends on fluctuations in the source profiles, over- or un-
derestimation of input data errors and the model error.

Solutions using a least squares approach to solve a fac-
tor analysis problem may have linear transformations, also
known as rotations (Paatero and Hopke, 2009). One advan-
tage of ME2 over PMF is that the rotational ambiguity can be
reduced by using previous knowledge of profiles (for exam-
ple mass spectra) or time series of different pollutants using
the a value approach. Equation 4 was applied using differ-
ent target profiles (TPs) (gi) and a range of a values (a) to
constrain OA sources in different runs (gi,run).

gi,run = gi ± a× gi (4)

The a value is a parameter that represents the degree of vari-
ability of the target profile, which typically ranges from zero
to one. The closer to zero, the more constrained the solution
is (Lanz et al., 2008). The user should keep in mind that par-
tially constrained solutions are carried out by compromising
the Q/Qexp value, which should be monitored to determine
the feasibility of the solutions.

2.2.1 Target profiles and levels of constraint

In this study, solutions obtained with ME-2 were constrained
using the a value approach, by using four different sets of
mass spectra from previous studies of TPs (Table 1). Set a of
the TPs represents BBOA and HOA average factor profiles
obtained from an analysis carried out on different mass spec-
tra from a variety of monitoring sites across Europe (Crippa
et al., 2014) and COA obtained from a study in Paris (Crippa
et al., 2013a). Sets c, s and w were provided by Young et

al. (2015a) from a PMF analysis carried out on AMS mea-
surements at the North Kensington site in London, 2012. The
c TPs were obtained from an analysis performed on annual
OA measured with a cToF-AMS (11 January 2012–23 Jan-
uary 2013). Sets s and w were obtained from summer and
winter measurements and taken with an HR-AMS (January–
February and July–August 2012, respectively). The ACSM
was specifically designed to deliver mass spectra that were
equivalent to the AMS. With the AMS having a higher signal
to noise ratio, it is expected that the use of its mass spectra as
TPs is appropriate. Moreover, we consider AMS-generated
TPs to be convenient to use, especially considering there are
more of these available, including the ones obtained from the
same site. In this study, the suitability of different TPs will be
systematically assessed in the determination of OA sources
using a wide range of a values.

A wide range of combinations of TP and a values were
used during this analysis, all of them being run with three
random initial values (seeds) to determine the stability of
the solutions. Constraints were applied using one, two and
three TPs; in all the solutions, there were at least two un-
constrained factors. Figure 1 shows the coding used to iden-
tify the different solutions, for example when constraining
3-factor profiles, e.g. wB5_H2_C3_S1.

2.3 Strategy to explore the solution space

The success of ME-2 relies on the additional use of a pri-
ori information in the form of constraints. However, without
a well-defined strategy or a limited analysis of the solution
space, it may lead to a subjectively and inaccurately selected
solution. Moreover, when possible, TPs from different stud-
ies should be tested in order to determine which set of TPs
are the most appropriate. Therefore, the following sections
show the results of the analysis carried out on the data set
of March–December 2013, to which the considerations pro-
vided by Crippa et al. (2014) were applied. Moreover, new
analysis techniques were developed to explore the solution
space.

PMF solutions are run to determine the number of fac-
tors (sources) in the solution. This is carried out by running
PMF for a number of different factors. Once the number of
possible sources has been chosen, different combinations of
a values and constrained factors are tested to determine the
solution that better identifies the OA sources. The residual
of the solution provides important information; it is possible
to determine whether the solution is overestimated (negative
residual) or underestimated (positive residual). When a struc-
ture on the diurnal residual is observed, it allows the factor
which is affecting the residual to be determined (Crippa et al.,
2014), and a decision can be made as to whether the a value
should be modified or even whether the TP is appropriate or
not for this data set. Together with the residual, it is recom-
mended to look at the total Q/Qexp, which is a parameter
used to monitor solutions. The best solution, according to the
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statistical tests applied, will be the one with values closest to
one.

Trilinear regression is a new technique which is used to ex-
plore the solution space in ME-2 analysis. Multilinear regres-
sion has been previously applied to analyse the relationship
between POA and combustion tracers (Allan et al., 2010; Liu
et al., 2011; Young et al., 2015b) as well as polycyclic aro-
matic hydrocarbons (Elser et al., 2016). This is used instead
of simple linear regression because many of the combustion
related variables will have multiple sources, such as biomass
burning and traffic. Equation (3) shows the trilinear regres-
sion equation used to analyse the relationship between POA
and combustion tracers.

Y = A+B [BBOA]+C [HOA]+D[COA] , (5)

where Y is NOx , BC, or CO.
B, C and D slopes represent the contribution of BBOA,

HOA and COA to Y and the intercept A is representative of
the Y background concentration. The following considera-
tions should be taken into account: the slopes and intercepts
should be positive as they represent air pollutant concentra-
tions and the slopeD is used as a validation parameter, which
should be close to zero due to its low contribution to BC,
NOx and CO, owing to the fact that most cooking in the UK
uses electricity or natural gas as a source of heat (DECC,
2016; DEFRA, 2016). A non-zero value would indicate cor-
relation with combustion tracers and thus the possibility that
it is receiving interference from HOA, which has a similar
mass spectrum. Chi square is used as a “goodness of fit” for
which the lower the value, the better the fit between the anal-
ysed pollutants.

3 Results

3.1 Exploring the solution space for March–December
data set

This section shows the results from the analysis applied to
determine the solution that best represents the OA sources
for the complete data set March–December 2013, according
to the statistical tests applied, when a total of eight uncon-
strained and 25 constrained solutions were analysed.

3.1.1 Solutions, a values and stability

Unconstrained runs with f peak= 0 and three different seeds
were performed in order to determine the number of OA
sources. Five was (BBOA, HOA, COA, SVOOA, LVOOA)
the optimal number of sources (Fig. S1b in the Supplement),
as it was possible to split the SOA into SVOOA and LVOOA.
Further unconstrained analysis was performed by running 5-
factor solutions with different f peaks, from −1 to 1 with
steps of 0.1 (Fig. S4) in order to select the PMF solution to
be compared with the ME-2 analysis. ME-2 is run using a

range of a values, which were selected after trial and error
and according to the literature (Lanz et al., 2008; Crippa et
al., 2014; Petit et al., 2014), which suggests that a values
depend on the similarity of the TP and the factor profile be-
ing analysed. HOA mass spectra do not show high variability
when compared to different sites, thus it is possible to restrict
the constraint with a values of 0.1–0.2. On the other hand,
COA and BBOA mass spectra from different sites show high
variability and a looser constraint should be applied (for ex-
ample, a values 0.3–0.5 or higher).

Constraining only 1 or 2 factors of the 5-factor solutions
gave the least favourable results with high residuals and
mixing factor profiles. When analysing the different seeds,
these solutions also showed high variability between seeds.
Greater stability was found when 3 of the 5 factor solutions
were constrained (Fig. S2), as also observed by Crippa et
al. (2014). As a result, in this analysis, 5-factor solutions con-
straining 3 factors will be analysed for the first seed. One
PMF solution and two solutions constraining 2 factors were
also used during the exploration (Fig. 2) for three sets of TPs.

3.1.2 Q /Qexp, diurnal residual and trilinear
regression

As an ideal solution, a Q/Qexp value of 1.0 would be ex-
pected. However, there is not a standard criterion to define
a satisfactory Q/Qexp value, as a certain amount of model
error will cause it to be systematically higher than unity (Ul-
brich et al., 2009). When comparing different solutions from
the same data set (Fig. 2b), it is possible to observe that there
is not a significant variation on the Q/Qexp (ranging be-
tween 1.88–2.2) when using different a values, suggesting
that all the solutions are mathematically acceptable. The un-
constrained solution is the one with the lowest totalQ/Qexp
with a value of 1.88, which is expected, as PMF calculates
the solution by minimizing this value; however, the PMF
solution has a high chi square and negative slope for COA
(Fig. 2a), implying that this solution is not environmentally
acceptable, thus it is necessary to analyse all the different
parameters in Fig. 2 in order to select the solution that best
identifies the OA sources.

Figure 2a shows the diurnal residual analysis in which so-
lutions constrained with c TPs present a high positive resid-
ual around 14:00–19:00 h. Solutions constrained with w TPs
have a negative residual during early morning with a positive
residual at 21:00 h. Hence, the solution with a better diurnal
residual is within the solutions constrained with a TPs.

Figure 2b shows the trilinear regression outputs between
NOx and POA for the different solutions (see Supplement
Sect. S3 for BC and CO trilinear regressions). All the solu-
tions properly identified the background NOx concentrations
(grey line). Solutions with c and w TPs showed similar un-
desirable results in the diurnal residual analysis, with c TPs
presenting negative COA slopes and w presenting high COA
slopes and chi-square values. This is consistent with the out-
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Figure 2. (a) Diurnal residual, y axis represents time up to 24 h and x axis represents the different solutions with a variety of target profiles
and a values. (b) NOx trilinear regression for solutions with different target profiles. BBOA represents the slope of µg m−3 of NOx per
µg m−3 of BBOA. The same applies for HOA and COA. Whiskers represent the 95 % confidence interval.

come of the diurnal residual analysis that the best solution,
according to the statistical tests applied, is with the solutions
constrained with a TPs. Additionally, trilinear regression out-
puts show variations between different solutions constrained
with a TPs with changes mainly in the chi square and the
BBOA.

3.1.3 Diurnal concentrations and mass spectra

OA sources have characteristic diurnal trends, and they may
be used, together with their respective mass spectra, to anal-
yse the solutions and determine whether all the factors in
the solution are environmentally suitable. BBOA showed
low concentrations during the day and high concentrations
at night, mainly related to domestic heating (Alfarra et al.,
2007). HOA presents two peaks during the day related to
commuting, one in the morning and another in the evening
(Zhang et al., 2005). COA has two peaks related to OA emis-
sions from cooking activities, one peak at noon and one peak
in the evening (Allan et al., 2010). SVOOA is temperature
dependent with low concentrations during the day, which in-
crease in the evening due to the condensation of gas phase

pollutants. LVOOA, due to its regional origin, does not show
high variations in its diurnal trend.

Diurnal concentrations for all the solutions (Supplement
Sect. S3) were analysed to determine the main sources. Here,
it was possible to observe that solutions with undesirable out-
puts in the residual, totalQ/Qexp and/or trilinear regression
were likely to have mixed diurnal concentrations between
two sources. For example, in the case of c TP solutions, CO
and BC trilinear regressions (Fig. S5a and b) show better
COA slopes with values close to zero; however, due to the
high diurnal residual (Fig. 2a) and HOA, with high concen-
trations during the evening (Fig. S5c) suggesting mixing with
BBOA, c TP solutions are not considered acceptable.

These previously observed undesirable outputs were also
detected when analysing the mass spectra of the different so-
lutions. Fig. S3 shows examples of diverse situations that
were found: in the solution wB7_H5_C7_S1 it is possible
to observe mixed factors where SVOOA has peaks of BBOA
(m/z 60) and COA (m/z 55 and 57) as well as one source
with only one strong peak in its mass spectrum (SVOOA
in solution cB3_H1_S1). The PMF solution was not able to
properly identify a BBOA factor with low peaks at m/z 60
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and 73 and a peak at m/z 60 for COA, implying mixing with
BBOA.

Finally, from this analysis, aB3_H2_C3_S1 was deter-
mined to be the solution that best represents the OA sources
for the March–December analysis, according to the statistical
tests applied.

3.2 Seasonal analysis

When applying source apportionment, ME-2 considers that
both TPs and factor profiles remain constant over time, which
may not be the case for long periods of time in which mete-
orological conditions and pollutant emissions related to hu-
man activities vary greatly (Canonaco et al., 2015; Ripoll et
al., 2015). Thus, the same analysis that was carried out on the
March–December data set was applied to data divided into
seasons of the year: spring (March, April and May), sum-
mer (June, July and August) and autumn (September, Octo-
ber and November); see Supplement Sect. S.3 for detailed
information of the seasonal analysis.

From analysing the spring data set (Fig. S7), solutions
constrained with a and c TPs were found to present the
least favourable results with high chi-square values and neg-
ative COA ratios in the trilinear analysis, as well as a higher
negative diurnal residual. The solution wB3_H1_C3_S1 was
deemed to be the best solution for the spring analysis. Solu-
tions constrained with s and c TPs were the least favourable
results for the summer analysis (Fig. S9), with low chi-square
values in s target profiles, which show high negative residuals
in the morning and at night. Since c TPs show a high positive
residual around 15:00–18:00 h, the solution aB5_H1_C3_S1
was found to be the best solution for the summer analy-
sis. In the autumn analysis (Fig. S11), solutions constrained
with a and w TPs were found to be the least favourable re-
sults, with high positive residuals in the morning and a target
profiles also showing high chi-square values. The solution
cB3_H1_S1 was deemed the best solution for the autumn
analysis according to the statistical tests applied. It is worth
mentioning that all plausible solutions deconvolved a high
percentage of the total OA mass (Fig. S12), with summer be-
ing the period with less OA mass estimated (90 %) and the
other periods with more than 95 % of mass estimated from
the total OA concentrations.

4 Discussion and atmospheric implications

4.1 Annual and seasonal solutions

In the following subsections, the outputs of annual and sea-
sonal solutions are compared in order to further explore the
variability of the different OA sources.

4.1.1 Total Q /Qexp and diurnal residual

Having analysed the totalQ/Qexp, all the solutions obtained
were mathematically acceptable and had small variations be-
tween their different values: 1.95 for March–December, 2.01
for spring, 1.95 for summer and 1.96 for autumn (Fig. 3a).
Q/Qexp values obtained in this study are compared to val-

ues obtained in different ME-2 studies. For example, Petit et
al. (2014), in a study using an ACSM, obtained a Q/Qexp
value of 6, while studies carried out in Spain during winter
and summer obtained 1.15 and 0.38 respectively (Minguil-
lón et al., 2015b). Q/Qexp values obtained with PMF are
also comparable with values obtained in this study, for ex-
ample Young et al. (2015a) obtained a value of 1.35 from an-
nual measurements carried out with a cToF-AMS at this site.
Allan et al. (2010) obtained different Q/Qexp values for the
analysis carried out on three different data sets: a value of 3.9
from measurements obtained using a HR-ToF-AMS and val-
ues of 10.5 and 16.7 using a cToF-AMS. Crippa et al. (2013b)
also identified a Q/Qexp value of 4.59 from HR-ToF-AMS
measurements during July 2009 at the urban background site
in Paris. Due to all this variability of Q/Qexp values found
in the literature, this parameter alone cannot be used as a cri-
terion to determine the solution that best identifies the OA
sources.

It is in the diurnal residual where we can observe a high
variation (Fig. 3b), with autumn proving to be the most
overestimated with negative residuals of −0.033 µg m−3,
mainly in the morning and at night. On the other hand, sum-
mer appears to be the most underestimated solution with
values of 0.018 µg m−3, particularly between midday and
17:00 UTC. The fact that summer is underestimated from
12:00 to 17:00 UTC is probably related to the increase on
photochemical activity, a situation that ME-2 is not able to
capture as the mass spectra remains constant over the period
analysed. It is important to notice that these diurnal resid-
uals of 0.03 µg m−3 or less are low compared with diurnal
concentrations of the OA sources, which were in the range
0.1–0.6 µg m−3.

4.1.2 Trilinear regression analysis

Looking at the trilinear outputs for the different periods anal-
ysed (Fig. 3a), HOA slopes present higher variability with
values of 50.0 for March–December, 81.0 for spring, 41.0 for
summer and 85.5 for autumn. The different BBOA and HOA
slopes for spring, summer and autumn suggest that there are
seasonal variations, perhaps affected by changes on the in-
habitants’ daily activities (i.e. domestic heating) and mete-
orological conditions, which the March–December solution
does not completely capture on its own. With regard to COA
slopes and background concentrations, they are well identi-
fied and relatively constant over the different periods anal-
ysed.
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Figure 3. NOx trilinear regression (a) and diurnal residual (b) for the different analyses.

The analysis presented in Sect. 4 shows that seasonal anal-
ysis more accurately deconvolves OA sources, being able to
obtain more detailed information that will be lost when run-
ning ME-2 for long periods of time.

4.1.3 Target profiles (TPs) and their impact on the
solutions

As previously mentioned, the chosen solutions were
aB3_H2_C3_S1 for March–December, wB3_H1_C3_S1 for
spring, aB5_H1_C3_S1 for summer and wB3_H1_S1 for au-
tumn. The fact that the March–December and summer solu-
tions were obtained with TP a is possibly due to the fact that
these TPs represent an average from different mass spectra,
becoming robust TPs which are able to deal with the vari-
ations of the two data sets. There was one large data set
(March–December) and one data set with concentrations af-
fected by the different photochemical processes due to the
high temperatures (summer). On the other hand, spring and
autumn do not show these variations and their OA sources
may be apportioned using winter TPs which were obtained
under similar temperatures.

Looking at the c and s TPs, these were the ones with the
least favourable results of all analyses carried out. This may
be attributed to c being the only TP obtained with a cToF-
AMS while the rest were obtained using a HR-AMS. In the
case of TP s, the unfavourable outputs are again related to
the high variability present during this period of time. This
analysis shows the importance of using the appropriate TP
when doing source apportionment as well as exploring so-
lutions with different types of TPs in order to determine the
OA sources.

4.2 Variability of factor profiles

The variability of the different solutions previously obtained
may be explored further with the triangle plots f 44 vs. f 43
(Ng et al., 2010; Morgan et al., 2010) and f 44 vs. f 60 (Cu-
bison et al., 2011). The parameters f 43, f 44 and f 60 rep-
resent the ratio of the integrated signal at m/z 43, 44 and
60, respectively, to the total signal in the organic compo-
nent mass spectrum. Figure 4a shows that LVOOA, while
having different values between solutions, is found in dis-
tinct areas of the plot (connecting lines are used to make the
SVOOA variability clearer), whereas SVOOA shows values
of f 44 vs. f 43 with high variability. This analysis shows
that the factors derived for SOA do not always conform to
the model of LVOOA and SVOOA proposed by Jimenez
et al. (2009). Furthermore, the fact that the lines are going
in different directions to the seasons of year means that the
factorization is identifying different aspects of the chemical
complexity, as LVOOA and SVOOA (rather than originat-
ing from primary emissions) are part of continuous physico-
chemical processes involving gases, aerosols and meteoro-
logical parameters among others. This serves to highlight
that a 2-component model (LVOOA and SVOOA) is an over-
simplification of a complex chemical system as concluded by
Canonaco et al. (2015), who found significant f 44 vs. f 43
differences for summer and winter analyses.

By analysing Fig. 4b, it is possible to observe the vari-
ability in f 60, with the lowest value obtained in summer
(0.013) followed by spring, autumn and March–December
(0.022, 0.024 and 0.034, respectively). Variability in biomass
burning OA depends on the fuel type, burning conditions and
level of processing (Weimer et al., 2008; Hennigan et al.,
2011; Ortega et al., 2013; Young et al., 2015b). A study car-
ried out by (Young et al., 2015b) in London in 2012 identified

Atmos. Chem. Phys., 16, 15545–15559, 2016 www.atmos-chem-phys.net/16/15545/2016/



E. Reyes-Villegas et al.: Organic aerosol source apportionment 15553

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

f4
4

50x10
-3403020100

f60

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

f4
4

0.200.150.100.050.00
f43

 BBOA
 HOA
 COA
 SVOOA
 LVOOA

 
Spring
Summer
Autumn
March–Dec

(a) (b)
 SVOOA
 LVOOA

 
Spring
Summer
Autumn
March–Dec
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two types of solid fuel OA factors, attributed to differences
in burning efficiency. BBOA evolution has been frequently
observed with high f 44 and low f 60 values due to ageing,
oxidation and cloud processing (Huffman et al., 2009; Cubi-
son et al., 2011). Thus, it was possible to obtain a variety of
BBOA for the different seasons of the year, ranging from a
fresh BBOA with a high f 60 during autumn to a more oxi-
dized BBOA with a low f 60 during summer.

For all the solutions, COA presents an f 60 value of ap-
proximately 0.01, which has been previously identified by
Mohr et al. (2009), who obtained f 60 values of 0.015–0.03
for different types of meat cooking. The fact that all the
COA mass spectra present similar f 44 : f 60 ratios suggests
that the COA footprint is relatively constant over the differ-
ent seasons and, along with HOA, it is the more appropriate
source to constrain when applying the a value approach.

4.3 Petrol and diesel contribution to traffic emissions

Traffic emissions contribute significantly to air pollution
(Beevers et al., 2012; Carslaw et al., 2013; May et al., 2014).
In order to better analyse traffic emissions and their impact
on air quality, it is necessary to understand the fuel type and
pollutant contribution from different vehicles. In particular,
the United Kingdom has a considerable percentage of diesel-
fuelled vehicles; according to the vehicle licensing statistics,
the percentage of diesel-fuelled vehicles licensed has been
increasing over the last few years from 22 in 2006 to 36.2 %
in 2014 while petrol-fuelled vehicles decreased from 77.7 to
62.9 % (GOV.UK, 2015).

Diesel emits higher NOx and HOA concentrations com-
pared to petrol, while petrol emits higher concentrations of
CO, according to the National Atmospheric Emissions in-
ventory (DEFRA, 2016), during 2014 the emission factors
(units in kilotonnes of pollutant per megatonne of fuel used)
were 11–12 for diesel and 1.9–4.3 for petrol in the case of
NOx and 2.4–5.6 for diesel and 11–50 for petrol in the case
of CO. Moreover, there are variations between light-duty
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Figure 5. WD /WE ratios to analyse petrol and diesel contribu-
tions.

diesel (LDD) and heavy-duty diesel (HDD) emissions (GLA,
2013), with LDD emitting higher NOx concentrations and
HDD emitting higher HOA concentrations.

It is possible to qualitatively analyse the impact of differ-
ent fuels on air pollution by looking at weekday/weekend
ratios (WD /WE), as previously done in several studies
(Bahreini et al., 2012; Tao and Harley, 2014; DeWitt et al.,
2015) and stating the hypothesis that different fuels will have
different pollutant contributions during the week. This analy-
sis considers WD as Monday to Friday and WE as only Sun-
day to eliminate the mixed traffic on Saturday. Another con-
sideration is that the heavy-duty/light-duty emissions fleet ra-
tio is higher during the week (Lough et al., 2006; Bahreini et
al., 2012; Heo et al., 2015). It is also important to state that
heavy-duty vehicles are exclusively diesel fuelled whereas
light-duty vehicles are fuelled with a mixture of diesel and
petrol.

Trilinear regression, explained in Sect. 2.3, was used with
data divided into WD (Monday to Friday) and WE (Sun-
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day) to analyse the WD /WE contributions. Subsequently,
it was possible to determine WD /WE ratios for the slopes
NOx /HOA and CO /HOA.

In order to compare these trilinear outputs with the
WD /WE ratios between NOx and CO, NOx /1CO was cal-
culated from average concentrations. There is a difference in
lifetime between CO (lifetime of months) and NOx (lifetime
of hours), thus it is important to consider the background CO
concentrations to be able to compare NOx and CO concentra-
tions. It is necessary to perform a linear regression between
CO and NOx and calculate 1CO, which is the average CO
concentration minus the intercept from the CO : NOx linear
regression.

Figure 5 shows the WD /WE ratios, from which it is pos-
sible to observe NOx /1CO ratios of 1.25, 1.35 and 1.36 for
March–December, summer and autumn, respectively, sug-
gesting diesel has a higher contribution during WD compared
to petrol. These findings are confirmed by the CO /HOA
ratios, which, for the same periods of time, are lower than
one (0.8, 0.45 and 0.9), suggesting a lower contribution of
petrol during weekdays compared to diesel. In spring, there
are no considerable changes to the WD /WE ratios, although
a higher contribution of petrol is shown during WD with
values of 1.28 for CO /HOA and low diesel contribution.
Analysing the NOx /HOA ratios, the seasonal ratios show
values of 1.07, 1.06 and 1.05 suggesting a slightly higher
contribution of LDD during WD than HDD.

4.4 PM2.5 daily concentrations and PM1 composition

PM2.5 has been widely studied due to its potential to cause
negative effects on health (Pope and Dockery, 2006; Harri-
son et al., 2012; Bohnenstengel et al., 2014). This adverse
impact is directly connected to the size of the particles, mak-
ing PM1 more detrimental to health than PM2.5 (Ramgolam
et al., 2009). Moreover, analysing the aerosol contribution
to PM1 and its association with PM2.5 concentrations allows
the possible influence of PM1 on PM2.5 levels to be deter-
mined. According to the Daily Air Quality Index (DAQI),
PM2.5 concentrations are considered moderate when daily
concentrations are between 35 and 52 µg m−3 and high when
levels are between 53 and 69 µg m−3. Daily PM2.5 concen-
trations during the sampling period show that the majority
of daily concentrations were considered to be low episodes
(Fig. 6a), with 10 episodes of moderate concentrations and
only two episodes of high PM2.5 concentrations (55.2 and
61.5 µg m−3).

Considering that PM1 is composed mainly of OA, SO4,
NO3, NH4 and BC, it is possible to analyse the PM1 compo-
sition during PM2.5 high concentrations (Fig. 6b). Episodes
with moderate and high PM2.5 concentrations were observed
with low wind speeds (Fig. S13), NO3 and LVOOA being the
main PM1 contributors. High NO3 concentrations were ob-
served during spring as found in a previous study by Young
et al. (2015a), who determined that NO3 concentrations in
spring depend on air mass trajectory, precursors and meteo-
rology. Different contributions from OA sources were iden-
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tified. In the episode in March, high BBOA concentrations
were observed, whereas during the episodes in April and
September, higher concentrations of LVOOA were detected.

Defining BBOA, HOA COA and BC as primary and
SVOOA, LVOOA, NO3, NH4 and SO4 as secondary
aerosols, the main PM1 contributors to PM2.5 concentra-
tions are secondary aerosols with a total contribution of 61 %
(Fig. 6c). These findings agree with a previous study at this
same monitoring site carried out by Young et al. (2015a),
who found secondary aerosols to be the predominant source
of PM1 over the year, with different secondary inorganic and
organic aerosol contributions between winter and summer.

5 Conclusions

This study presents the source apportionment carried out us-
ing ME-2 within SoFi 4.8 of OA concentrations, measured
with an ACSM from March to December 2013 at the urban
background site in North Kensington, London; the first time
it was deployed in the UK.

ME-2 proved to be a robust tool to deconvolve OA sources.
This study highlighted the importance of using appropri-
ate mass spectra as target profiles and a values when ex-
ploring the solution space. With the implementation of new
techniques to compare different solutions, it was possible
to systematically determine the solution with the best sep-
aration of OA sources, mathematically and environmentally
speaking. The comparison carried out between the solution
for the March–December data set and the seasonal solutions
showed high variations mainly in the SVOOA and the BBOA
sources, with wide range of f 44 : f 43 values for SVOOA
(Fig. 4a) and f 60 values ranging from 13× 10−3 for summer
to 24× 10−3 for autumn (Fig. 4b). These variations support
the importance of running ME-2 when weather conditions
and emissions from human activities are less variable, such
as seasonal analyses.

SVOOA presented a high variability in the oxidation state
during the different seasons. This is due to the nature of
SVOOA being affected mainly by high temperatures and
ME-2 not being able to completely determine SVOOA con-
centrations. These results support the indication that is not
an accurate practice to use SVOOA as a target profile when
analysing solutions. Trilinear regressions deliver quantitative
information about the ratios between combustion tracers and
POA. These ratios may be used as a proxy for other urban
background sites to estimate POA concentrations.

From analysing heavy- and light-duty diesel emissions, the
main contributor on weekdays was found to be from diesel
emissions, particularly LDD emissions. Thus, in order to re-
duce traffic emissions on weekdays, LDD vehicles should be
targeted. For the PM2.5 analysis (March–December 2013),
the main PM1 contributors to these concentrations were sec-
ondary aerosols and BC, which means that PM1 contributors
to PM2.5 concentrations are related to emissions from com-

bustion activities and secondary pollutants produced in the
atmosphere.

This study delivers mass spectra and time series of OA
sources for a long-term period as well as seasons of the year,
and may be used in future ME-2 studies as TPs. Further-
more, the scientific findings provide significant information
to strengthen legislation as well as to support health studies
that aim to improve air quality in the UK.

6 Data availability

ACSM data used in this paper have been archived
at http://browse.ceda.ac.uk/browse/badc/clearflo/data/
long-term. Other monitoring data are available at
https://uk-air.defra.gov.uk/data/data_selector.

The Supplement related to this article is available online
at doi:10.5194/acp-16-15545-2016-supplement.
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S1. PMF solutions to determine the number of sources. 

 
 

PMF runs (Fig S1) with different number of factors (sources) were performed to determine the 

number of OA sources. The six-factor solution (figure S1.c) shows two split factors (dark blue 

and green) which correspond to the same source, LVOOA. The five-factor solution (Figure 

S1.b) was able to separate two secondary organic aerosol sources in SVOOA and LVOOA 

showing to be the more acceptable number of sources. 

 

 

Figure S1: PMF solutions: four-factor solution (a), five-factor solution (b) and six-factor solution (c) to determine the 

number of OA sources. 
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S2. Seed and mass spectral analysis. 
 

In order to deal with rotational ambiguity, ME-2 runs may be initialised from different random 

values, also called seeds. Figure S2 shows the analysis performed to the three different 

seeds from the best solution chosen for March-December (aB3_H2_C3) to determine 

stability on the solutions. This stability proves that solutions may be repeatable with the 

three solutions presenting the same five factors with similar Q/Qexp (S2.a), mass spectrum 

(S2.b) and time series (S2.c). 
 

 
Figure S2: Seed analysis (a). Mass spectra (b) and time series (c). 

 

 

Figure S3: Mass spectra comparison for undesirable solutions for March-December analysis. Example of mass 

spectra of solutions with mixed factors for unconstrained and constrained solutions. 
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S3. Analysis to determine the best solution for the different periods of time. 

 
PMF runs were performed, for the March-December period, from fpeak -1 to 1 with steps of 

0.1. Figure 4 shows the comparison of the runs that converged (some of the fpeaks did not 

converge) in order to determine the PMF solution that better identified the OA sources to be 

compared to the ME-2 solutions. Run number 4 is chosen to be the best solution, according 

to the statistical tests applied, with low diurnal residual and positive COA for CO and BC 

trilinear regressions. 

 

 
Figure S4 : NOx, CO and BC trilinear regression (a, b, c), diurnal residual (d), diurnal 

concentrations (e) and solution list for March-Dec PMF analysis (f). 
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Figure S5 shows the analysis carried out to determine the best solution for the March- 

December period. As mentioned in the main text of this paper, “c” and “w” target profiles  

(TP) show the less desirable results, “c” TP show a high positive residual (Figure 2.a) and 

“w” TP show a high chi-square and COA slope. (Figures C1.a and S4.b). From the “a” TP, 

aB3_H2_C3_S1 solution is chosen to present the best results from this analysis due to COA 

slope close to zero for NOx (Figure 2.b) and CO (Figure S5.a) trilinear regression and low 

diurnal residual (Figure 2.a). 

 

 
Figure S5: CO and BC trilinear regression (a, b), diurnal concentrations (c) and solution list for March-Dec analysis 

(d). 
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Figure S6 shows the PMF analysis for the spring period. All solutions show similar diurnal 

concentrations with negative COA slope fo the three trilinear regressions. Solutions 2 and 3 

have the lower Q/Qexp, Solution 3 was chosen to be compared with ME-2 solutions. 

 
 

Figure S6: NOx, CO and BC trilinear regression (a, b, c), diurnal residual (d), diurnal concentrations (e) and solution 

list for spring PMF analysis (f). 
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Figure S7 shows the analysis performed to determine the best solution for spring period. 

Solutions with “a” and “c” TP show the less desirable results with negative slopes for COA 

and high chi-square in the trilinear regression (Figures S5.a, S5.b and S5.c), “c” TP also 

show high diurnal residuals. The solution wB3_H1_C3_S1 is chosen to present the best 

results from this analysis with low chi-square and diurnal residuals. 

 
Figure S7: NOx, CO and BC trilinear regression (a,b,c), diurnal residual (d),diurnal 

concentrations (e) all the solutions for spring analysis (f). 
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Figure S8 shows the PMF analysis for the summer period. Solution 4 has a high Q/Qexp but 

as it shows a COA slope close to zero in the three trilinear analyses and a low diurnal 

residual compared to the other PMF solutions, it has been chosen to be compared with ME- 

2 solutions. 

 

Figure S8: NOx, CO and BC trilinear regression (a, b, c), diurnal residual (d), diurnal concentrations (e) and solution 

list for summer PMF analysis (f). 
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Figure S9 shows the analysis performed to determine the best solution for summer period. 

Solutions with “c” and “s” TP show the less desirable results. “s” TP show low chi-square 

values, however, they present high negative residuals in the morning and at night. “c” TP 

show a high positive residual around 15:00-18:00 hrs. The solution aB5_H1_C3_S1 is 

chosen to present the best results from this analysis due to the low diurnal residual, COA 

slope close to zero and the low BBOA slope in the NOx, BC and COA trilinear regressions 

(Figures S9.a, S9.b and S9.c). 

 
Figure S9: NOx, CO and BC trilinear regression (a,b,c), diurnal residual (d),diurnal concentrations (e) all the 

solutions for summer analysis (f). 
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Figure S10 shows the PMF analysis for the autumn period. Solution 4 has been the chosen 

solution to be compared with ME-2 solutions because of its low Q/Qexp and a COA slope 

close to zero for the NOx trilinear regression and a lower diurnal residual compared to the 

other PMF solutions. 

 
 

Figure S10: NOx, CO and BC trilinear regression (a, b, c), diurnal residual (d), diurnal concentrations (e) and 

solution list for autumn PMF analysis (f). 
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 Figure S11 shows the analysis performed to determine the best solution for autumn period. 

Solutions with “a” TP show the less favourable Chi square results in the three trilinear 

regression figures (Figures S11.a, S11.b and S11.c). wB3_H1_S1 solution is chosen to 

present the best results from this analysis with low chi-squares and COA slope close to zero 

in the trilinear regression with NOx (Figures S11.a).   

 

Figure S11: NOx, CO and BC trilinear regression (a,b,c), diurnal residual (d),diurnal concentrations (e) all the 

solutions for autumn analysis (f). 
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Figure S12: OA concentrations and proportions of the different OA sources to the total OA. March-Dec (a), spring 

(b), Summer (c) and autumn (d). 
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S13. OA and meteorology time series to analyse PM2.5 concentrations. 
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Figure S13: OA and meteorology showing moderate (grey) and high (black) PM2.5 concentrations. 
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Abstract. Over the past decade, there has been an increas-
ing interest in short-term events that negatively affect air
quality such as bonfires and fireworks. High aerosol and gas
concentrations generated from public bonfires or fireworks
were measured in order to understand the night-time chem-
ical processes and their atmospheric implications. Nitrogen
chemistry was observed during Bonfire Night with nitro-
gen containing compounds in both gas and aerosol phases
and further N2O5 and ClNO2 concentrations, which depleted
early next morning due to photolysis of NO3 radicals and
ceasing production. Particulate organic oxides of nitrogen
(PONs) concentrations of 2.8 µg m−3 were estimated using
them/z 46 : 30 ratios from aerosol mass spectrometer (AMS)
measurements, according to previously published methods.
Multilinear engine 2 (ME-2) source apportionment was per-
formed to determine organic aerosol (OA) concentrations
from different sources after modifying the fragmentation ta-
ble and it was possible to identify two PON factors repre-
senting primary (pPON_ME2) and secondary (sPON_ME2)
contributions. A slight improvement in the agreement be-
tween the source apportionment of the AMS and a collo-
cated AE-31 Aethalometer was observed after modifying the
prescribed fragmentation in the AMS organic spectrum (the
fragmentation table) to determine PON sources, which re-
sulted in an r2

= 0.894 between biomass burning organic
aerosol (BBOA) and babs_470wb compared to an r2

= 0.861

obtained without the modification. Correlations between OA
sources and measurements made using time-of-flight chem-
ical ionisation mass spectrometry with an iodide adduct ion
were performed in order to determine possible gas tracers
to be used in future ME-2 analyses to constrain solutions.
During Bonfire Night, strong correlations (r2)were observed
between BBOA and methacrylic acid (0.92), acrylic acid
(0.90), nitrous acid (0.86), propionic acid, (0.85) and hydro-
gen cyanide (0.76). A series of oxygenated species and chlo-
rine compounds showed good correlations with sPON_ME2
and the low volatility oxygenated organic aerosol (LVOOA)
factor during Bonfire Night and an event with low pol-
lutant concentrations. Further analysis of pPON_ME2 and
sPON_ME2 was performed in order to determine whether
these PON sources absorb light near the UV region using an
Aethalometer. This hypothesis was tested by doing multilin-
ear regressions between babs_470wb and BBOA, sPON_ME2
and pPON_ME2. Our results suggest that sPON_ME2 does
not absorb light at 470 nm, while pPON_ME2 and LVOOA
do absorb light at 470 nm. This may inform black carbon
(BC) source apportionment studies from Aethalometer mea-
surements, through investigation of the brown carbon contri-
bution to babs_470wb.

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

Exposure to combustion aerosols has been associated with a
range of negative health effects. In particular, wood smoke
aerosols have been shown to present respiratory and cardio-
vascular health effects (Naeher et al., 2007). Bonfires and
fireworks are one of the main sporadic events with high emis-
sions of atmospheric pollutants (Vassura et al., 2014; Joshi et
al., 2016); even when these high emissions only last a cou-
ple of hours, high pollutant concentrations may instigate ad-
verse effects on human health (Moreno et al., 2007; Godri et
al., 2010) and severely reduce visibility (Vecchi et al., 2008).
Ravindra et al. (2003) found that the short-term exposure to
air pollutants increases the likelihood of acute health effects.

Due to these adverse effects, different studies have been
performed to analyse air pollution during important festivi-
ties around the world, for instance New Year’s Eve celebra-
tions (Drewnick et al., 2006; Zhang et al., 2010), the Lantern
Festival in China (Wang et al., 2007) and Diwali festival
in India (Pervez et al., 2016) as well as football matches
such as during the Bundesliga in Mainz, Germany in 2012
(Faber et al., 2013). In the UK, the Bonfire Night festivity
takes place on 5 November to commemorate Guy Fawkes’
unsuccessful attempt to destroy the Houses of Parliament in
1605 (Ainsworth, 1850). During this celebration, bonfires,
usually followed by fireworks, are lit domestically and on
a larger scale communally in public parks. Different stud-
ies have been carried out to assess the air pollution during
Bonfire Night in the UK; for instance targeting the particle
size distribution (Colbeck and Chung, 1996), investigating
PM10 concentrations in different cities around the UK dur-
ing Bonfire Night celebrations (Clark, 1997) and measuring
dioxins in ambient air in Oxford (Dyke et al., 1997); poly-
cyclic aromatic hydrocarbons were measured in Lancaster in
2000 (Farrar et al., 2004), potentially toxic elements were
measured and their association with health risks was assessed
in London (Hamad et al., 2015).

Receptor modelling has been widely used to determine or-
ganic aerosol (OA) sources in urban environments. However,
it has been used in just a small number of studies with spo-
radic events of high pollutant concentrations. For instance,
Vecchi et al. (2008) were the first to analyse measurements
taken during firework displays using positive matrix factori-
sation (PMF). Tian et al. (2014) did a PMF analysis of PM2.5
components, identifying five different sources: crustal dust,
coal combustion, secondary particles, vehicular exhausts and
fireworks. In Riccione, Italy, Vassura et al. (2014) determined
that levoglucosan, organic carbon (OC), polycyclic aromatic
hydrocarbons (PAHs), Al and Pb, emitted from bonfires dur-
ing St. Joseph’s Eve, can be used as markers for bonfire emis-
sions.

Particulate organic oxides of nitrogen (PONs), a term we
use here to encompass nitro-organics and organic nitrates,
have been found to absorb light near the ultraviolet (UV)
region (Mohr et al., 2013) and to present potential toxic-

ity to human health (Fernandez et al., 1992; Qingguo et al.,
1995). PONs also act as a NOx reservoir at night, releasing
NOx concentrations when the sun rises with the possibility
of increasing O3 production (Perring et al., 2013; Mao et al.,
2013). PONs are important components of OAs; for instance
Day et al. (2010), in measurements taken during winter at an
urban location, found that PON concentrations accounted for
up to 10 % of organic matter. Kiendler-Scharr et al. (2016)
concluded that, on a continental scale, PONs represent 34
to 44 % of aerosol nitrate. Organic oxides of nitrogen can be
categorised, according to their origin, into two types: primary
and secondary. Primary organic nitrates are related to com-
bustion sources (Zhang et al., 2016) such as fossil fuels (Day
et al., 2010) and biomass burning emissions (Kitanovski et
al., 2012; Mohr et al., 2013). Secondary organic oxides of
nitrogen are produced in the atmosphere, for example when
NO3 reacts with unsaturated hydrocarbons (Ng et al., 2017).
Nitrophenols are produced from reactions of phenols, both
during the day reacting with OH+NO2 and at night reacting
with NO3+NO2 (Harrison et al., 2005; Yuan et al., 2016).

The Aethalometer (Magee Scientific, USA) has been
widely used to measure light absorbing carbon, proving to be
a robust instrument that can operate in a variety of environ-
ments and is currently being used at many different locations
around the world. The European Environment Agency, in a
technical report published in 2013 (EEA, 2013), states that
there are at least 11 European countries using Aethalometers.
The UK has a black carbon (BC) network comprising of 14
sites covering a wide range of monitoring sites (https://uk-air.
defra.gov.uk/networks/network-info?view=_ukbsn) and, in
2016, India started a BC network with 16 Aethalometers
(Laskar et al., 2016). Commonly, Aethalometers have been
used to separate sources of light-absorbing aerosols follow-
ing Sandradewi et al. (2008). The approach separates absorp-
tion from traffic, predominately resulting from BC, which
absorbs light in the infrared region and from wood burning,
which includes BC and absorbing organic matter that also ab-
sorbs near the UV region. The Aethalometer model is based
on the differences in aerosol absorption, using the absorption
Ångström exponent, at a specific wavelength of light cho-
sen to run the model. Absorption Ångström exponent values
range from 0.8 to 1.1 for traffic and 0.9–3.5 for wood burning
(Zotter et al., 2017). It is known that brown carbon (BrC) is
organic matter capable of absorbing light near the UV region
(Bones et al., 2010; Saleh et al., 2014) and that PONs are a
potential contributor to BrC (Mohr et al., 2013). However,
the mechanistic principle that links this behaviour to wood
burning has not been completely resolved and there may be
other sources such as secondary organic aerosols (SOAs) that
can absorb near the UV region.

Here we present an analysis performed on data collected
during Bonfire Night celebrations in Manchester, UK (29 Oc-
tober to 10 November 2014) using a compact time-of-
flight aerosol mass spectrometer (cToF-AMS) and a high-
resolution time-of-flight chemical ionisation mass spectrom-
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eter (HR-ToF-CIMS) along with other instruments to mea-
sure both aerosols and gaseous pollutants with the aim of
understanding the night-time chemical processes and their
atmospheric implications. Very high concentrations of pollu-
tants occurred as a result of the meteorological conditions,
which presented a good opportunity to investigate the de-
tailed phenomenon as a case study, particularly the possibil-
ity to determine PON concentrations, their nature and inter-
action with Aethalometer measurements.

2 Methods

2.1 Site and instrumentation

Online measurements of aerosols and gases were taken from
ambient air, between 29 October and 10 November 2014, at a
rooftop location at the University of Manchester (53.467◦ N,
2.232◦W), in order to quantify atmospheric pollution dur-
ing Bonfire Night celebrations on and around 5 November.
Figure S1 in the Supplement shows a map with the location
of the monitoring site and nine public parks where bonfire
and/or fireworks were displayed around greater Manchester.
This is the same dataset presented by Liu et al. (2017).

A cToF-AMS (hereafter AMS) was used to perform 5 min
measurements of OA, sulfate (SO2−

4 ), nitrate (NO−3 ), am-
monium (NH+4 ) and chloride (Cl−) (Drewnick et al., 2005).
This version of AMS provides unit mass resolution mass
spectra information. A HR-ToF-CIMS (hereafter CIMS) was
used to measure gas phase concentrations, using iodide as a
reagent (Lee et al., 2014). The methodology to calculate gas
phase concentrations from CIMS measurements have been
described by Priestley et al. (2018). An Aethalometer (model
AE31, Magee Scientific) measured light absorption at seven
wavelengths (370, 450, 571, 615, 660, 880 and 950 nm)
and a multi-angle absorption photometer (MAAP; Thermo
model 5012) measured BC concentrations (Petzold et al.,
2002). NOx , CO, O3 and meteorology data were downloaded
from Whitworth observatory (http://www.cas.manchester.ac.
uk/restools/whitworth/data/), which were measured at the
same location. From 31 October to 10 November, a catalytic
stripper was attached to the AMS, switching every 30 min be-
tween direct measurements and through the catalytic stripper.
These measurements were performed as part of a different
experiment (Liu et al., 2017). In the present study we used
the AMS data from the direct measurements only, aerosol
and gas data from other instruments were averaged to AMS
sampling times.

2.2 Source apportionment

2.2.1 Aethalometer model

The aerosol light absorption depends on the wavelength and
may be used to apportion BC from traffic and wood burn-
ing from Aethalometer measurements as proposed by San-

dradewi et al., 2008. The absorption coefficients (babs) are
related to the wavelengths at which the absorptions are mea-
sured (λ) and the Ångström absorption exponents (α) with
the relationship babs ∝ λ

αi , thus the following equations can
be solved:

babs_470tr

babs_950tr
=

(
470
950

)−αtr

, (1)

babs_470wb

babs_950wb
=

(
470
950

)−αwb

, (2)

babs (470nm)= babs_470tr+ babs_470wb, (3)
babs (950nm)= babs_950tr+ babs_950wb. (4)

Here, it is possible to calculate the wood burning (wb) and
traffic (tr) contributions to BC at 470 and 950 nm as used in
previous studies (Crilley et al., 2015; Harrison et al., 2012).
Wavelengths of 470 and 950 nm were chosen as Zotter et
al. (2017) determined that using this pair of wavelengths
resulted in fewer residuals compared with using the wave-
lengths 470–880 and 370–880 nm. Before the Aethalometer
model was applied, the absorption coefficients (babs) needed
to be corrected following Weingartner et al. (2003) as attenu-
ation is affected by scattering and loading variations. The fol-
lowing parameters were calculated: multiple scattering con-
stant C = 3.16 and filter loading factors (f ) of 1.49 and 1.28
for the wavelengths 470 and 950 nm, respectively. Refer to
Sect. S3 in the Supplement for detailed information.

2.2.2 Particulate organic oxides of nitrogen (PONs)

Concentrations of PONs were calculated following the
method proposed by Farmer et al. (2010) and the consider-
ations used by Kiendler-Scharr et al. (2016). This method
has been previously used in studies looking at aerosols
from biomass burning (Tiitta et al., 2016; Zhu et al., 2016;
Florou et al., 2017). Equation (5) calculates the PON frac-
tion (XPON), using the signals at m/z 30 and m/z 46 to cal-
culate m/z ratios 46 : 30 from AMS measurements (Rmeas),
from ammonium nitrate calibrations (Rcal), and from organic
nitrogen (RON) to quantify PON concentrations.

XPON =
(Rmeas−RCal)(1+RON)

(RON−Rcal)(1+Rmeas)
, (5)

where ratios from ammonium nitrate calibrations Rcal = 0.5;
Rmeas =m/z 46 : 30 ratio from measurements; m/z 46 : 30
ratio from ON RON = 0.1, Following Kostenidou et
al. (2015) consideration, RON = 0.1 was calculated as the
minimumm/z 46 : 30 ratio observed. A RON value of 0.1 has
been used in previous studies (Kiendler-Scharr et al., 2016;
Tiitta et al., 2016).

PON=XPON · NO−3 (6)

Finally, Eq. (6) calculates PON concentrations (µg m−3)
where NO−3 is the total nitrate measured by the cToF-AMS.
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The method proposed by Farmer et al. (2010) is based on
HR-ToF-AMS measurements where m/z 30 represents the
NO+ ion and m/z 46 the NO+2 ion, while the cToF-AMS
gives unit mass resolution mass spectra information, hence
there is the possibility to have interference of the CH2O+ ion
at m/z 30. However, when analysing mass spectra from pre-
vious laboratory and ambient studies using HR-ToF-AMS to
investigate biomass burning emissions, we can confirm that
the signal of CH2O+ atm/z 30 is low compared to signals at
m/z’s 29 and 31, while in this study m/z 30 is the main sig-
nal (Fig. 5c). Hence, in this study an interference of CH2O+

at m/z 30 is unlikely and if there were any interference of
CH2O+ it would be negligible. Table S1 in the Supplement
shows m/z 30/29 and 30/31 from previous laboratory and
ambient studies investigating biomass burning emissions.

Another possible interference would be the presence of
mineral nitrates at m/z 30 (e.g. KNO3 and NaNO3). How-
ever, mineral nitrate salts tend to be large particles (Allan et
al., 2006; Chakraborty et al., 2016) and also have a low va-
porisation efficiency (Drewnick et al., 2015), which makes it
unlikely to be measured by the AMS in large quantities.

2.2.3 Multilinear engine 2 (ME-2)

Multilinear engine 2 (ME-2; Paatero, 1999) is a multivariate
solver used to determine factors governing the behaviour of a
two-dimensional data matrix, which can then be interpreted
as pollutant sources. ME-2 uses the same data model as PMF,
which is also a receptor model that performs factorisation by
using a weighted least squares approach (Paatero and Tapper,
1994).

In order to explore the solution space, ME-2 is capable of
using information from previous studies, for example pol-
lutant time series or mass spectra, as inputs to the model
(named target time series and target profiles) to constrain the
runs. These constraints are performed using the a-value ap-
proach, to determine the extent to which the output is allowed
to vary. For example, by using an a-value of 0.1 to a specific
source, the user is allowing the output to vary 10 % from the
input. For more details refer to Canonaco et al. (2013).

In this study, ME-2 and PMF were used through the source
finder interface, (SoFi version 4.8; Canonaco et al., 2013) to
identify OA sources using the suggestions made by Crippa
et al. (2014) and the strategy proposed by Reyes-Villegas et
al. (2016). ME-2 was performed using mass spectra (BBOA,
HOA and COA) from two different studies as target profiles
(TP) to constrain the runs: London (Young et al., 2015) and
Paris (Crippa et al., 2013), Fig. S5 explains the labelling used
to identify the different runs.

Solutions were explored with PMF using different FPEAK
values (ranging from−1.0 to 1.0 with steps of 0.1) and ME-2
using different a-values (nine runs with the London TP and
nine runs with the Paris TP) looking at 4, 5 and 6-factor so-
lutions. Section S7.1 shows the strategy used to determine
the optimal solution. Factorisation struggles to separate two

or more sources if they are highly correlated, for example
during stagnant conditions due to low temperatures and wind
speed, which was the case during Bonfire Night 2014. The
pollutants were well-mixed, making it difficult to separate
the sources. Hence, four tests were performed using different
time sets in order to identify the best way to perform source
apportionment:

– Test 1 performs factorisation on all of the dataset.

– Test 2 (hereafter Test2) involves factorising the event
before and after Bonfire Night and using mass spectra
from this analysis as TP to factorise the Bonfire Night
event.

– Test 3 involves factorising the Bonfire Night event and
using mass spectra from this analysis as TP as applied
to the complete dataset.

– Test 4 involves factorising the event before and after
Bonfire Night and using mass spectra from this analysis
as TP to factorise the full dataset.

PONs may exhibit covariance with other types of OA, thus
their inclusion in the source apportionment analysis may im-
prove the factorisation and highlight their co-emission with
other OA types. Previous studies have quantified PON con-
centrations from AMS-PMF analysis to both rural and ur-
ban measurements (Sun et al., 2012; Hao et al., 2014; Xu et
al., 2015; Zhang et al., 2016). In this study, an experiment
was designed by modifying the fragmentation table, through
the AMS analysis toolkit 1.56, in order to identify a PON
source. The fragmentation table contains the different chem-
ical species measured by the AMS, with each row represent-
ing m/z for specific species and the user can define peaks
that exist in each species’ partial mass spectrum with their
dependency on other peaks (Allan et al., 2004). The follow-
ing steps were performed to modify the fragmentation table:

– Time series of a new ratio named RON_30 is calculated
by RON_30 =PON /m/z 30, where PON is the time se-
ries calculated in Sect. 2.2.2 and m/z 30 is the time se-
ries of the signal at m/z= 30 measured by the AMS.

– Using the AMS analysis toolkit, the fragmentation table
is modified (in the column “frag_Organic” at m/z 30)
by multiplying RON_30 · 30. See Fig. S4 for a screenshot
of the fragmentation table.

– PMF inputs are generated to be used in the SoFi soft-
ware.

3 Results

3.1 Meteorology and pollutant overview

During Bonfire Night festivities on 5 November, a temper-
ature of 4 ◦C and wind speed of 1.5 m s−1 were observed

Atmos. Chem. Phys., 18, 1–19, 2018 www.atmos-chem-phys.net/18/1/2018/
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Figure 1. Meteorology (a), aerosol concentrations during all measurement periods (b). Chemical component mass concentrations during
Bonfire Night plotted cumulatively (c). Daily aerosol concentrations (d).

(Fig. 1a), causing stagnant conditions which facilitated pol-
lutant accumulation. Looking at the time series for the whole
sampling time (Fig. 1b), it was possible to observe four sepa-
rate events with different pollutant behaviour (marked with
coloured lines over the x axis in Fig. 1), driven by dif-
ferent meteorological conditions: one event had high sec-
ondary concentrations (HSC, yellow line) from 30 October
to 1 November, which experienced a relatively high temper-
ature of 17–20 ◦C; another event of low pollutant concentra-
tions (LC, grey line) from 1 to 3 November was observed
when continental air masses were present; Bonfire Night
(bfo, blue line), with a temperature of 4 ◦C; and a winter-
like episode (WL, purple line) from 8 to 10 November, with
temperatures of 5–6 ◦C and high primary pollutant concen-
trations. Figure S3 shows back trajectories of the different
events.

Aerosol concentrations during Bonfire Night were partic-
ularly high (Fig. 1c), with the highest peak concentrations of
65.0, 19.0, 6.8, 6.0, 5.9 and 3.2 µg m−3 for OA, BC, SO4,
Cl, NH4 and NO3 respectively measured around 20:30 LT
(local time) on 5 November. It is worth noting how high
these concentrations are compared to concentrations before
and after Bonfire Night (Fig. 1b), where aerosol concentra-
tions ranged from 0.5 to 7.0 µg m−3. Measured PM1 con-
centrations (sum of BC, organic and inorganic aerosols) of
115 µg m−3 (Fig. 1c) were observed during Bonfire Night.

Looking at the daily concentrations (Fig. 1d), it is pos-
sible to observe PM1 daily concentrations of 25 µg m−3 on
Bonfire Night compared to the low concentrations observed
between 1 and 2 November with concentrations ranging be-

tween 3 and 4 µg m−3. The impact of the emissions during
Bonfire Night is present even during the next day with PM1
concentrations of 14 µg m−3.

Gas phase pollutants were measured at the Whitworth ob-
servatory. Figure 2 shows high SO2, CO and NOx concentra-
tions during Bonfire Night; these primary pollutants are well-
known combustion-related pollutants. The high SO2 concen-
trations during Bonfire Night are expected as solid fuels such
as wood emit SO2 when burned. This can also explain the
SO2 peak on the night of 10–11 November when SO2 con-
centrations may be related to solid fuels used for domes-
tic heating as a result of the low temperatures (6 ◦C). CO
and NO were present at higher concentrations during Bonfire
Night compared to previous days with concentrations reach-
ing 1600 ppb (CO) and 99 ppb (NO) during Bonfire Night
compared to 1 November with concentrations of 230 ppb of
CO and 16 ppb of NO. Some O3 concentrations were mea-
sured during Bonfire Night but given the very high NO con-
centrations, these are considered to be an interference with
the measurement.

3.2 Bonfire Night analysis

3.2.1 Traffic and wood burning contributions to BC

OA concentrations started increasing at 19:30 LT, while BC
concentrations started increasing 2 h earlier around 17:00 LT
(Fig. 1c). This rise in BC concentrations may be due to bon-
fire emissions, although they may also be related to traffic

www.atmos-chem-phys.net/18/1/2018/ Atmos. Chem. Phys., 18, 1–19, 2018



6 E. Reyes-Villegas et al.: Insights into nitrate chemistry

120

100

80

60

40

20

0

N
O

   
(p

pb
)

00:00
30/10

00:00
31/10

00:00
01/11

00:00
02/11

00:00
03/11

00:00
04/11

00:00
05/11

00:00
06/11

00:00
07/11

00:00
08/11

00:00
09/11

00:00
10/11

Date

40

30

20

10

0

N
O

2 
  (

pp
b)

160

140

120

100

80

60

40

20

0

N
O

x    (ppb)

50

40

30

20

10

0

O
3    (ppb)

1600

1400

1200

1000

800

600

400

200

0
C

O
  (

pp
b)

2.0

1.5

1.0

0.5

0.0

S
O

2 
  (

pp
b)

Figure 2. Time series of gases measured at Whitworth observatory.

emissions; thus the Aethalometer model was used to identify
both traffic and wood burning contributions to BC.

Once babs values are corrected, equations shown in
Sect. 2.2.1 are used to apply the Aethalometer model, with
Ångström absorption exponents (α) of 1.0 for traffic (αtr),
using the wavelength 470 nm, and 2.0 for wood burning
(αwb) using the wavelength 950 nm, to determine traffic and
wood burning contributions. Figure 3 shows the absorption
coefficients for wood burning babs_470wb (blue) and traffic
babs_950tr (red), both increasing around 17:00–18:00 LT to
values lower than 100 Mm−1, while babs indicates contribu-
tions from wood burning and traffic during this event. When
the majority of bonfire events are taking place, around 20:00,
when babs_470wb shows the greatest increase, with values
reaching 480 Mm−1 compared to 150 Mm−1 for babs_950tr.

3.2.2 PON identification and quantification

Currently, there is no direct technique to quantify online in-
tegrated PON concentrations. However, it is possible to es-
timate PON concentrations from AMS measurements using
the m/z 46 : 30 ratios (Farmer et al., 2010) as explained in
Sect. 2.2.2. This event during Bonfire Night 2014, with high
pollutant concentrations provided the opportunity to identify
the presence of PON. Inorganic nitrate from NH4NO3 has
been detected atm/z 46 : 30 ratios between 0.33 and 0.5 (Al-
farra et al., 2006) and of 0.37 (Fry et al., 2009), although
each instrument-specific ratio is determined during routine
calibrations. PON has been identified with m/z 46 : 30 ra-
tios of 0.07–0.10 (Hao et al., 2014) and 0.17–0.26 (Sato et
al., 2010). In this study, m/z 46 : 30 ratios of 0.11–0.18 were
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Figure 3. Absorption coefficients for Wood burning (wb) and traffic
(tr).

observed during Bonfire Night (Fig. 4), confirming the pres-
ence of PON during this event. Figure 4 shows PON con-
centrations of up to 2.8 µg m−3 during Bonfire Night, which
are over the detection limit of 0.1 µg m−3 reported by Bruns
et al. (2010). PON concentrations are considered high com-
pared to previous studies with concentrations between 0.03
and 1.2 µg m−3 from a wide variety of sites across Europe
(Kiendler-Scharr et al., 2016), while high PON concentra-
tions of 4.2 µg m−3 were observed during a biomass burning
event in Beijing, China (Zhang et al., 2016).

3.3 OA source apportionment

This event with high pollutant concentrations during Bonfire
Night gave the opportunity to test the ME-2 factorisation tool
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under these conditions and determine the best way to perform
OA source apportionment on a case study event such as this.
A number of different approaches for determining the opti-
mal apportionment were tried and the one that yielded the
most statistically optimal version was treated as a “best es-
timate”, although it is acknowledged that even this may not
be perfect. Indeed, it may not be possible to describe these
data completely using the PMF data model. Six different tests
were compared: four tests before modifying the fragmenta-
tion table and two tests when modifying the fragmentation
table to determine a PON source. Test2_ON was the optimal
“best estimate” solution, a brief description is given here af-
ter being compared to the other tests (Sect. S7.2). From this
analysis, Test2 resulted in being the best way to deconvolve
OA sources, with the lowest parameters analysed: residuals,
Q/Qexp values and Chi square. After modifying the frag-
mentation table, Test2_ON still shows a good performance
with low parameters (Fig. S6–S8). Refer to Sect. S7 for de-
tailed information about the source apportionment strategy
and analysis performed to determine the optimal solution.

Two steps were involved in Test2_ON: in step (a),
PMF/ME-2 were run for the event before and after the Bon-
fire Night (named as not bonfire event, nbf). In step (b), mass
spectra from the solution identified in step (a) were used
as TP to analyse the bonfire-only (bfo) event. Finally, both
solutions (nbf and bfo) were merged for further analysis.
Different OA sources were identified in Test2_ON (Fig. 5),
five sources were identified during the nbf event: biomass
burning OA (BBOA), hydrocarbon-like OA (HOA), cooking
OA (COA), secondary particulate organic oxides of nitro-
gen (sPON_ME2) and low volatility OA (LVOOA). These
sources are identified by characteristic peaks in their respec-
tive mass spectra: BBOA, which is generated during the com-
bustion of biomass, has a peak at m/z 60, related to levoglu-
cosan (Alfarra et al., 2007); HOA, related to traffic emis-
sions, presents high signals at m/z 55 and m/z 57 typical
of aliphatic hydrocarbons (Canagaratna et al., 2004); COA,

emitted from food cooking activities, is similar to HOA with
a higherm/z 55 and lowerm/z 57 (Allan et al., 2010; Slowik
et al., 2010; Mohr et al., 2012); LVOOA, identified as a SOA,
has a high signal at m/z 44 dominated by the CO+2 ion (Ng
et al., 2010); sPON_ME2 has a strong signal atm/z 30 and it
has been identified as secondary as it follows the same trend
as LVOOA (Fig. 5a). In the case of the bfo event, six different
sources were identified: BBOA, HOA, COA, LVOOA and
two factors with peaks at m/z 30, which is related to PON
(Sun et al., 2012). These two PON factors may have different
sources: one may be secondary (sPON_ME2) and the other
primary (pPON_ME2), which has a similar trend as BBOA
(Fig. 5b). Further details about the nature of pPON_ME2 and
sPON_ME2 will be explored in Sect. 4.2.

4 Discussion

4.1 OA source apportionment during the bfo event

It is worth noting that while all sources have their charac-
teristic peaks and no apparent mass spectral “mixing” be-
tween sources (for example COA with a signal at m/z 60),
COA, HOA and LVOOA present high concentrations during
Bonfire Night (Fig. 5b). High concentrations of these sources
could be expected as these (traffic and cooking activities) in-
crease before and after the main bonfire events and the night
represented a very strong inversion (which will trap all pollu-
tants), but given the high concentrations experienced during
the event and known variability for biomass burning emis-
sions, the “model error” and thus rotational freedom is likely
to be substantial. The result is that these two factors could
contain indeterminate contributions from minor variabilities
within the biomass burning profile and therefore must be in-
terpreted with caution.
babs_470wb has the same source as BBOA, thus the correla-

tion between these two can be used to evaluate the effective-
ness of BBOA deconvolution from OA concentrations (Fröh-
lich et al., 2015; Visser et al., 2015), r2 values are calculated
and analysed using the following considerations: strong cor-
relation (r2

≥ 0.75), moderate correlation (0.5 < r2 < 0.75)
and low correlation (r2

≤ 0.5). Here r2 values are calculated
for the bfo event between babs_470wb and the two BBOA ob-
tained; BBOA, obtained without modifying the fragmenta-
tion table and BBOA_2 obtained after modifying the frag-
mentation table to identify a PON factor. A slightly higher
correlation between babs_470wb and BBOA_2 was observed
with r2

= 0.880 compared to r2
= 0.839 for babs_470wb and

BBOA. While both have strong correlations from a quanti-
tative point of view, qualitatively there is an improvement in
BBOA_2. This improvement in BBOA_2 is explained by the
fact that the PON factor may be mixed with BBOA and when
both sources are separated, a higher correlation between
BBOA_2 and babs_470wb is present. There is the possibility
that the lower r2 between babs_470wb and BBOA is due to
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Figure 5. OA sources mass spectra and time series for Test2_ON for bonfire only (bfo) and not bonfire events (nbf). Figure 6d shows time
series of both events.

having two BBOA factors in Test2. However, an r2
= 0.813

between babs_470wb and the sum of BBOA+BBOA_1 is still
lower than 0.880.

This shows the importance of performing OA source ap-
portionment using different approaches in order to identify
the best way to deconvolve OA sources. PMF and ME-2
source apportionment tools could not completely deconvolve
OA sources during the bfo event. However, due to the strong
correlation between babs_470wb and BBOA_ 2 (r2

= 0.880),
we consider that while BBOA_2 might not represent the to-
tal OA concentrations from the Bonfire Night event, it does
represent the trend of OA emitted from the biomass burning.

4.2 Primary and secondary PONs

PON concentrations obtained from the m/z ratios 46 : 30
(blue line in Fig. 6) have a similar trend as BBOA, both in-
creasing at the same time, suggesting a primary origin, but

after 22:00 LT, when BBOA concentrations drop, PON con-
centrations remain present with a slow decrease and main-
taining low concentrations when BBOA concentrations were
not present anymore. This suggests the hypothesis that there
might not be only one type of PON, and it could be divided
into primary and secondary organic nitrate as reported in
previous studies performed in western Europe (Mohr et al.,
2013; Kiendler-Scharr et al., 2016).

Using this working hypothesis, primary and secondary
PON concentrations were estimated using the slope between
PON and BBOA, calculated from 18:00 to 12:00 LT, a time
when the main Bonfire Night event took place (Fig. S10).
PON concentrations were multiplied by this slope in or-
der to calculate the primary PON (pPON) and secondary
PON (sPON) and were calculated as sPON=PON− pPON.
Figure 6 shows the time series of this estimation where
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Figure 6. Secondary (sPON) and primary (pPON) organic nitrate
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pPON reaches 2.5 µg m−3 and sPON with concentrations of
0.5 µg m−3.

A similar behaviour with two different PON sources was
observed in the source apportionment analysis performed in
Sect. 3.3, where it was possible to separate two factors with
a peak at m/z 30, characteristic of PON. Figure 7 shows that
around 02:00 LT concentrations of the pPON_ME2 started
to decrease (green line) while sPON_ME2 concentrations
(grey line) increased. This analysis shows the presence of
two different types of PON; pPON_ME2 are primarily emit-
ted along with BBOA concentrations with the further pres-
ence of a different PON, considered to be secondary, which
increase when primary pollutants start to decrease. Primary
and secondary sources of PON have been previously identi-
fied from AMS-PMF analyses; Hao et al. (2014) identified
PON to be secondary in nature, produced from the inter-
action between forest and urban emissions, while Zhang et
al. (2016) determined PON to be related to primary com-
bustion sources. In this study, it is worth noticing that the
increase in sPON_ME2 takes place around 02:00 LT, a pe-
riod when NO concentrations started decreasing and CIMS-
measured N2O5 and ClNO2 started to increase, suggesting
that nitrate radical chemistry was occurring (Fig. 8), which
is possibly the source of the sPON, although the exact mech-
anism can only be speculated.

Nitrate chemistry at night is important as nitrate radicals
can be the main oxidants in polluted nocturnal environments
away from enhanced NO and can create reservoirs and sinks
of NOx . The main NOx removal at night is via the uptake of
dinitrogen pentoxide (N2O5) into aerosols, as at night N2O5
is formed from NO3 and NO2. In the presence of chloride in
the particle phase (e.g. in sea salt particles), N2O5 reacts to
produce nitryl chloride (ClNO2). In the morning, following
overnight accumulation of ClNO2, photochemical reactions
take place to produce Cl and NO2. N2O5 and ClNO2 process-
ing and interactions with nitrate chemistry have been previ-
ously studied in the UK (Le Breton et al., 2014a; Bannan et

25

20

15

10

5

B
B

O
A

   
(µ

g
m

-3
)

20:00
05/11/2014

01:00
06/11/2014

06:00 11:00

Date

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

P
O

N
    sP

O
N

_M
E

2   (µ
g

m
-3)

16

14

12

10

8

6

4

2

0

pP
O

N
_M

E
-2   (µg

m
-3)

 BBOA
 pPON_ME2
 sPON_ME2
 PON

Figure 7. Secondary and primary organic nitrate time series ob-
tained from ME-2 analysis.
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Figure 8. Time series of gases pollutants during Bonfire Night.

al., 2015). Figure 8 shows N2O5, ClNO2 and O3 concentra-
tions increasing when NO and NO2 concentrations decrease.
All these processes may facilitate the sPON production at
night. N2O5 concentrations reduce quickly after the sun rises,
around 08:00 LT, while ClNO2 concentrations decrease at a
slower rate, with the lowest concentrations observed around
13:00 LT. Along with NO3 chemistry, it was possible to ob-
serve other nitrogen-containing gases during Bonfire Night
using the CIMS such as hydrogen cyanide (HCN) and ni-
trous acid (HONO), which have been found to be emitted
from fires (Le Breton et al., 2013; Wang et al., 2015). High
HONO concentrations at night are high the next morning
when HONO reacts to produce OH and NO, which impacts
both the OH budget and NOx concentrations early the next
morning (Lee et al., 2016).

4.3 OA factors and CIMS correlations

Analysing the CIMS measurements and comparing them
with the OA factors, it may be possible to identify gas mark-
ers that can be used as inputs (target time series) to constrain
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solutions in future ME-2 analyses or as proxies when AMS
data are not available. A linear regression was performed be-
tween the OA sources determined in Sect. 3.4.1 and CIMS
peaks that have been considered positively identified (Priest-
ley et al., in preparation), performing a coefficient of deter-
mination (r2) analysis for the complete dataset (ALL), and
the events HSC, LC, bfo and WL. During the event HSC,
none of the OA sources showed an r2 higher than 0.6. HOA
did not have an r2 higher than 0.6 with any of the different
events analysed. There were no specific markers identified
for COA, while COA showed r2 values higher than 0.6 for
the bfo event, these r2 values were also observed with BBOA
with even higher values. Table S4 shows the r2 values, higher
or equal to 0.4, obtained in this analysis. It is worth noting
that r2 values in the ALL event seem to be influenced by
the bfo event; this is the case for BBOA, COA and LVOOA,
which show similar r2 values in both events. Thus, the anal-
ysis will only be explained for the individual events (bfo, LC
and WL).

As expected, during bfo, BBOA is the OA source that
shows the highest number of correlations during Bonfire
Night. During the bfo episode, strong correlations were ob-
served with BBOA and methacrylic acid (r2

= 0.92), acrylic
acid (0.90), nitrous acid (0.86), propionic acid, (0.85) and
hydrogen cyanide (0.76), which have been previously deter-
mined as biomass burning tracers (Veres et al., 2010; Le Bre-
ton et al., 2013). Formic acid presented a strong correlation
(r2
= 0.86) with BBOA during Bonfire Night; however, this

value drops to 0.52 for the complete dataset, which suggests
formic acid during Bonfire Night is mainly primary, while
formic acid concentrations measured for the whole dataset
may be related to primary and secondary sources. This agrees
with Le Breton et al. (2014b) who explored both primary and
secondary origins of formic acid.

During the bfo event, LVOOA did not show a character-
istic gas marker, as all the r2 values were also observed
with BBOA. This suggests two hypotheses: that the LVOOA
was mixed with BBOA, in the form of humic-like mate-
rial (Paglione et al., 2014), which cannot be differentiated
from secondary OA in the mass spectra (Fig. 5c); or it could
also be that secondary LVOOA may actually be present at
the same time as BBOA concentrations, as during high rel-
ative humidity and low temperatures, enhanced partitioning
of semi-volatile material to the particle phase occurs, where
subsequent oxidation and oligomerisation may occur. More-
over, due to the high aerosol concentration present during
Bonfire Night, there is a greater surface available for gases
to be condensed and more particulate bulk to absorb into,
thus it could be speculated that there would be high sec-
ondary aerosol concentrations. However, this is deemed un-
likely as there may be little gas phase oxidation occurring in
the presence of such high NO concentrations, which will re-
move ozone and nitrate radicals, the main source of oxidants
at night.

During the bfo event, pPON_ME2 showed high r2 values
with carbon monoxide (0.78) and hydrogen cyanide (0.77)
and moderate correlations with methylformamide (0.65) and
dimethylformamide (0.63), all of which are typical primary
pollutants related to combustion processes (Borduas et al.,
2015, and references therein). sPON_ME2 showed moder-
ate correlations with ClNO2 (0.52) and ClNO3 (0.53). Mod-
erate r2 values were also observed during the LC episode
between ClNO2–ClNO3 and LVOOA (0.67–0.66) and sPON
(0.74–0.69) proving their secondary origin. Cl2, which has
previously been identified to be related to both primary and
secondary sources (Faxon et al., 2015), shows low corre-
lations with pPON_ME2 (0.44) during the bfo event and
sPON_ME2 (0.55) during the LC event.

4.4 PON and its relationship with babs_470wb and BBOA

Organic oxides of nitrogen, originating from biomass burn-
ing, have been previously found to absorb light near the UV
region (Jacobson, 1999; Flowers et al., 2010; Mohr et al.,
2013). However, there is still a question of whether this ab-
sorption is due to primary or secondary PON. Here, the re-
lationship between babs_470wb, PON and BBOA will be anal-
ysed to determine if PONs absorb at 470 nm, which would
interfere with Aethalometer measurements.

In order to quantitatively determine any contribution from
PON to the Aethalometer data products, a multilinear re-
gression (MLR) analysis was performed on the complete
dataset (ALL), and the events HSC, LC, bfo and WL (Ta-
ble 1). This analysis was done in three ways: a multilinear
regression (MLR1) with BBOA from OA source apportion-
ment without modifying the fragmentation table and PON
from m/z 46 : 30 analysis; a multilinear regression (MLR2)
with BBOA_2 from OA source apportionment after modi-
fying the fragmentation table and PON from 46 : 30 analy-
sis; and a multilinear regression (MLR3) with BBOA_2 and
PON sources from OA source apportionment after modify-
ing the fragmentation table. The following bilinear regres-
sion was used:

babs_470wb = A+B · x1+C · x2, (7)

with x1=BBOA and x2=PON for MLR1; x1=BBOA_2
and x2=PON for MLR2; x1=BBOA_2 and
x2= sPON_ME2 for MLR3. Additionally, a trilinear regres-
sion was performed to *HSC and *bfo with x3=LVOOA
in *HSC and x3= pPON in *bfo. A is the origin and the
partial slopes B, C and D represent the contribution of x1,
x2 and x3 to babs_470wb, respectively.

As used in previous studies (Elser et al., 2016; Reyes-
Villegas et al., 2016), multilinear regression analysis allows
for the relationship of one parameter between two or more
variables to be determined. Here we are analysing the partial
slopes and origin to determine the correlation of babs_470wb
with the other variables. Table 1 shows the MLR outputs
where; A represents the background, B, C and D represent
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Table 1. Multilinear (MLR) and linear regression analysis between babs_470wb and OAs.

ALL HSC LC bfo WL

MLR 1 A background 0.000 4.555 1.004 0.000 1.293
B babs:BBOA 14.340 3.547 18.284 11.926 10.318
C babs:PON 54.495 9.212 12.046 73.115 21.724

B/C 0.263 0.385 1.518 0.163 0.475
r2_MLR1 0.912 0.064 0.364 0.898 0.760

Linear 1 r2 babs:BBOA 0.861 0.043 0.358 0.839 0.739
babs:PON 0.819 0.060 0.275 0.897 0.311

MLR 2 A background 0.000 2.527 0.753 0.000 0.079
B babs:BBOA_2 15.653 27.288 26.481 14.319 10.018
C babs:PON 42.840 0.000 1.200 54.353 18.982

B/C 0.365 *** 22.060 0.263 0.528
r2_MLR2 0.922 0.392 0.480 0.902 0.804

Linear 2 r2 babs:BBOA_2 0.894 0.392 0.480 0.880 0.788
babs:PON 0.819 0.060 0.275 0.897 0.311

ALL HSC *HSC LC *bfo WL

MLR 3 A background 0.000 2.527 1.649 0.763 6.093 0
B babs:BBOA_2 21.545 27.288 22.764 26.668 16.657 8.577
C babs:sPON_ME2 3.926 0.000 0.000 0.191 0.000 9.017
D D 1.138 7.357

B/C 5.488 *** *** *** *** 0.951
B/D 20.005 2.264
r2_MLR3 0.896 0.392 0.418 0.480 0.910 0.803

Linear 3 r2 babs:BBOA_2 0.894 0.392 0.392 0.480 0.880 0.788
babs:sPON_ME2 0.024 0.000 0.000 0.273 0.188 0.647
babs:D 0.225 0.633

ALL= complete dataset; HSC= episode with high secondary concentrations (30 October to 1 November); LC= episode with
low concentrations (1–3 November); bfo= episode with bonfire-only concentrations (5 November 17:00 LT to
6 November 12:00 LT); WL=Episode with winter-like characteristics (8–10 November). PON is the particulate organic nitrate
estimate from 46 : 30 ratios. *Trilinear regression was performed as in *bfo analysis there were two PON factors from ME-2
analysis; pPON_ME2 and sPON_ME2, with the slope D= babs:pPON and r2_D is the r2 between babs:pPON. In *HSC
analysis; BBOA, sPON and LVOOA were used, with the slope D= babs:LVOOA and r2_D is the r2 between babs:LVOOA.

the partial slope between babs_470wb and the respective OA.
B/C represents the ratio between B and C partial slopes,
with the following considerations: if B/C < 1, then there is
a higher contribution of PON to babs_470wb; if B/C > 1, then
there is a higher contribution of BBOA to babs_470wb. Look-
ing at the coefficient of determination of the multilinear re-
gression (r2_MLR) for the three MLR analyses, it is possible
to observe that, on the one hand, HSC and LC events present
low r2_MLR values ranging from 0.064 and 0.480; On the
other hand, bfo and WL events have strong correlations with
values between 0.760 and 0.910, which shows that when high
primary OA emissions are present a strong correlation be-
tween babs_470wb and BBOA and PON is observed.

These high r2 values, particularly during the bfo event
which presented the highest r2 (0.910), are consistent with
previous studies that found organic nitrates to absorb at short
wavelengths; Mohr et al. (2013) identified correlation val-
ues of 0.65 between nitrophenols and babs_370wb. Teich et

al. (2017), in a recent study from offline filters, determined
nitrated aerosol concentrations with further analysis of the
light absorption of aqueous filter extracts (babs_370) and iden-
tified r2 values between babs_370 and nitrated aerosol concen-
trations of 0.67 to 0.74 depending on acidic or alkaline con-
ditions, respectively.

In MLR3, it is possible to observe that, during the bfo
event, the main contribution to babs_470wb is attributed to
both BBOA_2 (16.657) and pPON_ME2 (7.357), while
babs:sPON_ME-2 values were zero, with an optimum r2 of
0.910. This lack of correlation between babs and sPON is
observed in the linear regression babs:sPON_ME2 with an
r2 of 0.188. These results show that while there is evidence
of pPON_ME2 absorbing at 470 nm, with a partial slope of
16.657, sPON_ME2 did not show to be absorbing at 470 nm.
The implication of the background not going to zero (6.093)
is that there is still an unexplained contribution to the absorp-
tion at 470 nm, unrelated to sPON_ME2.

www.atmos-chem-phys.net/18/1/2018/ Atmos. Chem. Phys., 18, 1–19, 2018
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In order to further explore the possibility of sPON_ME-
2 absorbing at 470 nm, the HSC event was analysed, where
sPON_ME2 was shown to be non-absorbing at 470 nm with
a partial slope of zero. BBOA_2 had a partial slope of 27.288
and background a value of 2.527. This background value sug-
gests there is another component related to babs_470wb that
is not sPON. Thus, a trilinear regression was performed to
*HSC between babs_470wb and BBOA_2, sPON and LVOOA.
Here, the background value drops to 1.649, sPON partial
slope is zero and LVOOA presents a partial slope of 1.138.
These results confirm that sPON do not absorb light at
470 nm while LVOOA, or at least part of the components
of LVOOA, do absorb at 470 nm during the HSC event and
pPON_ME2 during the bfo event.

These results agree with previous studies that found
biomass burning BBOA to contain important concentra-
tions of light absorbing BrC and that certain types of SOA
are effective absorbers near UV light (Bones et al., 2010;
Saleh et al., 2014; Washenfelder et al., 2015). The fact that
pPON_ME2 and LVOOA were shown to be absorbing light
at a short wavelength (470 nm) will have a direct impact
on Aethalometer model studies; while pPON_ME2 could be
considered a component of the wood burning aerosol appor-
tioned using the Aethalometer, it may be that there is an inter-
ference from other forms of BrC in SOA. However, this work
would suggest that sPON specifically does not contribute to
the latter, so a different component of LVOOA would have
to be responsible. As well as this Aethalometer interpreta-
tion, it is also worth mentioning that these findings may have
implications for studies on the radiative properties of the at-
mosphere, as BrC is also thought to affect climate (Jacobson,
2014).

5 Conclusions

In order to better understand the aerosol chemical com-
position and variation in source contribution during peri-
ods of nocturnal pollution, online measurements of gases
and aerosols were made in ambient air between 29 Octo-
ber and 10 November 2014 at the University of Manchester,
with detailed analysis of the special high pollutant concen-
trations during Bonfire Night celebrations on 5 November.
High aerosol concentrations were observed during the Bon-
fire Night event with 115 µg m−3 of PM1. Important nitrogen
chemistry was present with high HCN, HCNO and HONO
concentrations primarily emitted with the further presence
of N2O5 and ClNO2 concentrations from nocturnal nitrate
chemistry taking place after NOx concentrations decreased.

OA source apportionment was performed using the ME-
2 factorisation tool. The particular high pollutant concentra-
tions together with the complex mix of emissions did not al-
low the running of ME-2 for the complete dataset, thus the
dataset was divided into different events. The best way to
perform source apportionment was found to be to (a) anal-

yse the event before and after Bonfire Night using BBOA,
HOA and COA from a previous study in Paris as TP, and
(b) conduct a further ME-2 analysis of the Bonfire Night
event using BBOA, HOA and COA mass spectra from (a)
as TP. Moreover, a slight improvement in the source appor-
tionment was observed after modifying the fragmentation ta-
ble in order to identify PON sources, increasing the r2 value
from linear regressions between babs_470wb (absorption coef-
ficient of wood burning at 470 nm) and BBOA from 0.839
to 0.880. PMF and ME-2 source apportionment tools could
not completely deconvolve OA sources during the bfo event
as LVOOA, COA and HOA may be mixed with BBOA con-
centrations. However, due to the strong correlation between
babs_470wb and BBOA (r2

= 0.880) we consider that while
BBOA might not represent the total OA concentrations from
the Bonfire Night event, it does represent the trend of OA
emitted from the biomass burning.

The combination of CIMS measurements and OA sources
determined from AMS measurements provided important in-
formation about gas tracers to be used as inputs (target time
series) to improve future ME-2 analyses, particularly gases
correlating with BBOA, LVOOA and sPON. However, the
use of these species as target time series should be used with
care as their time variation is greatly affected by meteorolog-
ical conditions.

The presence of two classes of PON, secondary
(sPON_ME2) and primary (pPON_ME2), was identified
both from looking at the BBOA:PON relationship and from
the ME-2 analysis after modifying the fragmentation table.
It is clear that, during Bonfire Night, pPON_ME2 concentra-
tions increased when BBOA concentrations are present and
sPON_ME2 concentrations started evolving when the pri-
mary concentrations decreased.

It was determined that pPON_ME2 absorbed light at a
wavelength of 470 nm during Bonfire Night, where the mul-
tilinear regression performed between babs_470wb, BBOA and
pPON_ME2 showed a strong r2 of 0.910, while sPON_ME2
did not contribute to light absorption at 470 nm. During the
HSC episode, LVOOA showed a partial slope of 1.138 in the
multilinear regression and an r2 from linear regression with
babs_470wb of 0.225, implying secondary LVOOA (associated
with SOA) may be absorbing at 470 nm and sPON_ME2 was
not absorbing at this wavelength. These results will help us
to understand the mechanistic contributions to UV absorp-
tion in the Aethalometer and will have direct implications
for source apportionment studies, which may need to be cor-
rected for SOA interferences near the UV region.

Data availability. The data are available upon request
from the corresponding author and from James Allan
(james.allan@manchester.ac.uk).
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Appendix A: Source apportionment solution without
modifying the fragmentation table
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Figure A1. OA sources mass spectra and time series for Test2.

Figure A1 presents results obtained with Test2. Figure A1c
shows mass spectra of the two chosen solutions: five sources
were identified during the nbf period: BBOA, HOA, COA,
SVOOA and LVOOA. In the case of the bfo period, six dif-
ferent sources were identified: BBOA; HOA; COA; factor4,
which seems to be a mixed factor with a peak at m/z 43
(characteristic of SVOOA) and peaks at m/z 55 and m/z 57
(characteristic of HOA); LVOOA and BBOA_1. BBOA_1
source appears to be mixed between LVOOA (peaks at
m/z 28 and m/z 44) and BBOA (peak at m/z 60). We can
see here, that while Test2 resulted to be the best way to de-
convolve OA sources compared to tests 1, 3 and 4, it still
shows mixing with SVOOA, LVOOA and BBOA_1. A sit-
uation that improved when doing OA source apportionment
after modifying the fragmentation table in Test2_ON.
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Appendix B: Symbols and description of main
parameters used

Symbol Description

Events

bfo bonfire-only event (5 November 05:00–17:00 LT to 6 November 12:00 LT)
nbf not bonfire (before and after bonfire night)
HSC high secondary concentrations (30 October to 1 November)
LC low concentrations (1–3 November)
WL winter-like (8–10 November)

Aethalometer correction and model

α Ångström absorption exponent
αtr Ångström absorption exponent for traffic
αwb Ångström absorption exponent for wood burning
ATN attenuation
BC black carbon (µg m−3)
babs absorption coefficient (Mm−1)
babs_470 absorption coefficient at 470 nm (Mm−1)
babs_950 absorption coefficient at 950 nm (Mm−1)
σATN attenuation cross section (m2 g−1)
λ wavelength (nm)
bATN uncorrected absorption coefficient (Mm−1)
babs corrected absorption coefficient (Mm−1)
C multiple scattering correction constant
R filter loading correction
f shadowing factor

Organic aerosol factors

BBOA biomass burning organic OA obtained without modifying the fragmentation table
BBOA_1 second biomass burning organic OA obtained without modifying the fragmentation table
BBOA_2 biomass burning organic OA obtained after modifying the fragmentation table
HOA hydrocarbon-like OA
COA cooking OA
SVOOA semi-volatile OA
LVOOA low volatility OA
PON particulate organic oxides of nitrogen, calculated with 46 : 30 ratios.
pPON primary particulate organic oxides of nitrogen, estimated using the slope between PON and BBOA
sPON secondary particulate organic oxides of nitrogen, sPON=PON− pPON
pPON_ME2 primary particulate organic oxides of nitrogen, calculated from ME-2 analysis
sPON_ME2 secondary particulate organic oxides of nitrogen, calculated from ME-2 analysis

Atmos. Chem. Phys., 18, 1–19, 2018 www.atmos-chem-phys.net/18/1/2018/
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S1. Bonfire/firework locations during bonfire night 2014. 

Locations of nine parks with main bonfire/fireworks during November 5
th

 2014.  

 

 
Figure S1: Manchester map with locations of parks with bonfires/fireworks displays (red flames) and 

monitoring site (blue dot) at the University of Manchester. Map produced with Google Maps and location of 

bonfires was taken from [http://www.pocketmanchester.com/bonfire-night-2014-in-manchester/, accessed 

03/05/2017]. 

 

 

 

 

 

http://www.pocketmanchester.com/bonfire-night-2014-in-manchester/


S2. Literature review on lack of interference of CH2O
+
 fragment to m/z30. 

Table S1. CH2O
+
 signals at m/z 29, 30 and 31 from HR-ToF-AMS data of previous studies. Comparison of m/z 

ratios 30/29 and 30/31 with values found in this study. 

  Reference 30/29 30/31 m/z 29 m/z 30 m/z 31 Notes 

  
This study 

4.38 35.00 0.08 0.35 0.01 sPON_ME2 

  1.42 8.50 0.06 0.09 0.01 pPON_ME2 

am
b

ie
n

t 

(Aiken et al., 2010) 
0.16 0.32 0.05 0.008 0.025 pine burn 

0.20 0.45 0.045 0.009 0.02 BBOA Mex 

 
(Collier et al., 2016) 

 

0.25 0.56 4 1 1.8 Ground plume 
0.20 0.60 3 0.6 1 Ground plume 
0.23 0.67 3.5 0.8 1.2 aircraft plume 
0.25 1.25 4 1 0.8 aircraft plume 

(Zhou et al., 2017) 
 

0.18 0.88 8 1.4 1.6 no bb 
0.32 0.95 6 1.9 2 bb inf 
0.30 0.90 6 1.8 2 bb plm 

La
b

o
ra

to
ry

-b
as

e
d

 

(He et al., 2010) 

0.25 0.75 0.06 0.015 0.02 Fir (diluted/cooled) 
0.21 0.68 0.07 0.015 0.022 pine burn 
0.20 0.56 0.05 0.01 0.018 Willow 
0.30 0.90 0.06 0.018 0.02 Wattle 
0.30 0.90 0.06 0.018 0.02 SugaCaneLeave 
0.30 0.08 0.05 0.015 0.2 Rice Straw 

(Heringa et al., 2011) 
0.25 0.67 4 1 1.5 poa 

0.25 0.50 4 1 2 5h aging 

(Ortega et al., 2013) 
0.15 0.50 13 2 4 start (oak) 
0.20 0.50 50 10 20 aged (oak) 
0.04 0.05 250 10 220 start (pine) 

 
0.07 0.10 270 20 200 aged (pine) 

(Corbin et al., 2015b) 
0.20 0.80 4 0.8 1 start 

  0.83   0.05 0.06 flaming 

(Corbin et al., 2015a) 
  0.50   0.01 0.02 Filtered and Oxid 

 
0.50 

 
0.01 0.02 Oxidized 

0.25 0.50 0.04 0.01 0.02 Primary 

(Bruns et al., 2015) 

0.43 6.00 0.07 0.03 0.005 OH and UV exp. 
0.34 
0.40 

1.00 
1.00 

0.065 
0.045 

0.022 
0.018 

0.022 
0.018 

OH and UV exp. 
OH and UV exp. 

0.34 
0.40 
0.23 

1.00 
1.00 
1.00 

0.065 
0.045 
0.048 

0.022 
0.018 
0.011 

0.022 
0.018 
0.011 

OH and UV exp. 
OH and UV exp. 
OH and UV exp. 

0.20 1.00 0.04 0.008 0.008 OH and UV exp. 
0.25 1.00 0.048 0.012 0.012 OH and UV exp. 

 

CH2O
+
 identification at m/z 30 is accompanied with signals at m/z 29 and m/z 31 

Table S1 shows CH2O
+
 signals at m/z’s 29, 30, and 31 from HR-ToF-AMS studies. It is possible to observe the 

low CH2O
+
 contribution to m/z 30 with 30/29 ratios between 0.01-0.40. The high values of 0.4 – 6 were 

observed when exposing aerosols to OH and UV. We can also see that 30/31 and 30/29 ratios do not show 

variations during and after biomass burning events or during fresh and aged emissions (Ortega et al., 

2013;Corbin et al., 2015a;Corbin et al., 2015b), suggesting there is not substantial CH2O
+
 variability over the 

biomass burning process. In this study, a large contribution of m/z 30 signal to the mass spectra was observed 

with both sPON and pPON  with 30/29 ratios (4.38 and 1.42 respectively) and 30/31 ratios (35.0 and 8.5 

respectively) higher than unity. Showing that a CH2O
+
 interference at m/z30 would be unlikely. 

 



S3. Aethalometer correction. 

Aethalometer measurements (absorption coefficients, bATN) need to be corrected from two main effects: filter 

loading (R) and scattering correction (C) that compensates for the multiple-scattering effects from the matrix. 

There are different methods to correct aethalometer data (Weingartner et al., 2003;Arnott et al., 2005;Schmid et 

al., 2006). Coen et al. (2010) proposed a new method through a critical analysis of the effectiveness of the other 

methods, which involves corrections based on absorption and scattering measurements. In this study, 

wavelength-dependent scattering measurements were not available (A Photo Acoustic Soot Spectrometer was 

used to measure aerosol optical absorption coefficients. However, the scattering channels failed to report data 

during the bonfire event), thus the Weingartner method (Weingartner et al., 2003) was used to do these 

corrections.  

The light attenuation (ATN) is defined by equation S1, where Io is the intensity of the incoming light and I is the 

remaining light after passing through the filter.  

ATN = −100 ∗ ln (
𝐼𝑜

𝐼
)        (S1) 

The attenuation cross section (σATN in m
2
.g

-1
) is calculated using the equation S2, where 14625 [m

2
.g

−1
] is the 

mass specific attenuation cross-section proposed by the manufacturer and λ is the wavelength in nm. 

σATN_𝜆 =
14625

𝜆
         (S2) 

The absorption coefficient (bATN, Mm
-1

) was calculated using equation S3, where BC is black carbon [µg.m
-3

] 

measured by the aethalometer. 

𝑏𝐴𝑇𝑁_𝜆  = 𝐵𝐶𝜆 ∗ σATN_𝜆                     (S3)    

b_ATN_λ values need to be corrected by calculating babs (corrected absorption coefficient).  

𝑏𝑎𝑏𝑠_𝜆 =  
𝑏𝐴𝑇𝑁_𝜆

𝐶∗𝑅
         (S4) 

Where C is a parameter for scattering correction and R, a wavelength dependent parameter, is related to the 

filter loading effect. 

C is calculated as the slope of bATN_630 from aethalometer and babs_630 from MAAP, using the values with 

ATN<10% (Calculating C with this approach the effects from filter loading are minimized). The Aethalometer 

does not measure at 630 wavelength thus bATN_630, is calculated using equation S6, where the absorption 

Ångström exponent (α) is calculated using equation S5.  

𝛼 =
ln(

𝑏𝐴𝑇𝑁470
𝑏𝐴𝑇𝑁950

)

ln(
950

470
)

         (S5) 

𝑏𝐴𝑇𝑁_630 = 𝑏𝐴𝑇𝑁_660 ∗ (
630

660
)

−𝛼

       (S6) 

C represents the slope of bATN_630 from aethalometer vs babs_630 from MAAP. Following this method, a value of 

C = 3.16 was calculated. 

The shadowing parameter (f ) is determined, similar to other studies (Sandradewi et al., 2008;Sciare et al., 

2011;Ji et al., 2017) as the average of bATN ratios after and before filter changes for the complete dataset in order 

to minimise the difference before and after filter changes. The f values obtained were f470 = 1.49 and f950 = 1.28.  

R is calculated with the following equation: 



𝑅 =  (
1

𝑓
− 1)

𝑙𝑛(ATN)−𝑙𝑛(10%)

𝑙𝑛(50%)−𝑙𝑛(10%)
+ 1       (S7) 

Finally, with C and R being determined, the corrected absorption coefficients (babs_λ) are calculated with 

equation S4. 

S4. Aethalometer model. 

 

Figure S2: Absorption coefficients (babs) for wood burning and traffic. 

S5. Back trajectories for the different pollutant episodes. 

Hysplit model was used to run back trajectories, with 48 hrs of duration and three different hights (0, 205 and 

500 m about ground level), for the episodes with different pollutant concentrations: an event with high 

secondary pollutants is observed from October 30
th

 – November 1
st
; an event with low concentrations from 

November 1
st
 – 3

rd
. Bonfire night from November 5

th
 – 7

th
; an event with high primary emissions from 

November 8
th

 -10
th

. 
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Figure S3: Back trajectories run for events with high secondary pollutant concentrations (a), low pollutant 

concentrations (b), bonfire night (c) and winter-like event (d). 

 

(a) (b) 

(c) (d) 



S6. Fragmentation table to add PON to PMF analysis. 

 

Figure S4: Modifying fragmentation table to add PON to PMF analysis. 

S7. OA source apportionment. 

PMF and ME-2 source apportionment analysis was performed following the strategy proposed by (Reyes-

Villegas et al., 2016). A series of solutions were run under different conditions in order to determine the best 

way to deconvolve OA factors. PMF was run with f-peaks from -1.0 to 1.0 and steps of 0.1. ME-2 was run using 

different a-values to partially constrain the solutions (table S1), using mass spectra (BBOA, HOA and COA) 

from Young et al. (2015a) and Crippa et al. (2013) as target profiles (TP). Figure S5 shows the labelling used to 

identify the different runs performed with ME-2 and table S2 shows the different a-value combinations used to 

explore different solutions.  

 
Figure S5: Labelling used to identify runs. 

Table S2: List of ME-2 runs  

 Run  Run 

 B5H2C5  H1C3 

 B3H1C3  H2C5 

 B3H1C5  B3H1 

 B5H1C5  B5H2 

 B5H1C3   



S7.1 Strategy to select the solution that best apportions OA sources. 

The OA source apportionment was performed using different f-peaks when running PMF and different a-values 

when running ME-2 (table S2) looking at solutions with 4, 5 and 6 factors,. These solutions were explored 

comparing their residuals and Q/Qexp for m/z’s and time series; Total Q/Qexp and total residuals; diurnal 

profiles and trilinear regression (Reyes-Villegas et al., 2016). Looking for solutions with low residuals and 

Q/Qexp values. Trilinear regression is performed between BBOA, HOA and COA and NOx, since these three 

OA sources and NOx are related to combustion sources. With trilinear regression analysis, partial slopes should 

be positive as we are working with aerosol concentrations. Moreover, COA partial slope should be close to zero 

due to its low contribution to NOx. The chi square value from multilinear regression is used as goodness of fit, 

thus the lowest the value the best correlation between the different sources. 

Here the analysis carried out to all the dataset is explained in detail. 

Step 1. PMF runs looking at 4-factor solutions with f-peaks from -1.0 to 1.0 and steps of 0.1. One solution is 

chosen to be compared with ME-2 solutions. 

Step 2. ME-2 runs looking at 4-factor solutions with different a-values using TP from Paris and London. 

Step 3. Two solutions from step 2 are chosen together with the PMF solution, form step 1, to be the three 4-

factor solutions to use in the further comparison. 

Step 4. Repeat steps 1 to 3 to look at 5-factor and six-factor solutions to finally compare the 9 solutions. 

Step 5. Choose one solution that better separates, according to this analysis, OA sources. Perform this analysis 

for the four tests mentioned in table S2 in order to have one solution for each test. 

These steps were used to explore solutions for the different tests performed, generating more than 60 different 

plots that were analysed. Here, in order to avoid making an overly massive supplement material, only the final 

comparison between solutions from the different tests performed is shown (Section S7.2). Table S3 shows the 

chosen solution for each one of the tests performed.  

S7.2 Chosen solutions for the different tests. 

Table S3: Tests done to determine the solution that better deconvolves OA factors. 

 Analysis Solution Strategy 

ID a b a b From solution a to b 

Test 1 o  all  pH1C3_5all   

Test 2 * nbf bfo pB3H1C3_5nbf × nB3H1C5_6bfo nbf mass spectra were used as TP to analyse 

bfo dataset. 

Test 3 + bfo all PMF_6_0.7 Δ bB5H2C5_5all 
bfo mass spectra were used as TP to analyse 

all dataset. 

Test 4 nbf all pB3H1C3_5nbf × nH2C5_5all 
nbf mass spectra were used as TP to analyse 

all dataset. 

Test 1_ON 
o  all  wB3H1_ON_5all   

Test 2_ON * nbf bfo pH1C3_ON_5nbf nB5H1C3_ON_6bfo 
nbf mass spectra were used as TP to analyse 

bfo dataset. 
o
 all =  the whole dataset was analysed: 29/Oct/2014-10/Nov/2014 

* nbf = not bonfire event: from 29/Oct to 05/Nov 15:00  and from  06/Nov 06:35 to 10/Nov/2014 
+
 bfo = bonfire only event: 05/Nov 15:00 - 06/Nov 06:35 

× 
n = mass spectra from analysis a (nbf) were used as TP in the analysis b. 

Δ 
b = means mass spectra from analysis a (bfo) were used as TP in the analysis b for test 3. 

ON means the tests were performed after modifying the fragmentation table to determine a PON source. 



When doing two analyses with ME-2 (in the case of tests 2, 3 and 4), in analysis “a” mass spectra from London 

(Young et al., 2015b), labelled as “w” and Paris (Crippa et al., 2013) labelled as “p” , were used as target 

profiles (TP). PMF runs were explored with different fpeak values ranging from -1.0 to 1.0 with steps of 0.1. 

 

 

Figure S5: Comparison of the chosen solution for the four tests performed. Time series for the complete dataset 

(a), time series with a close up to y-axis to show low concentrations (b), time series during bonfire night event 

(c) and mass spectra. 
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S7.3 Comparison of different solution tests. 

Here, the different tests performed without modifying the fragmentation table (test 1, test 2, test 3, and test4) 

and modifying it (test1_ON and test2_ON) are compared in order to determine the test that better separates OA 

factors.  

The analysis was carried out by comparing the residuals and Q/Qexp for m/z’s and time series for all the dataset 

(figure S6) and more into detail for the bonfire night (figure S7); trilinear regression between BBOA, HOA and 

COA with NOx (figure S8) and diurnal profiles (figure S9). 

Analysis without modifying the fragmentation table is the first comparison performed, where test 2 resulted to 

be the test that better deconvolved OA factors with; low residuals (figures S6 and S7) and low chi square, used 

as a goodness of fit (figure S8). Then test1_ON and test2_ON were performed in order to determine the best 

way to deconvolve OA sources including organic nitrate factors, where test 2 showed to be a better way to 

deconvolve OA sources compared to test1_ON. 

 

Figure S6: Comparison of the different solutions for all sampling period. 

 

  



Figure S7: Comparison of the different solutions for the bfo event. 

  

Figure S8: Trilinear regression between OA sources and NOx. 

 

  

Figure S9: Diurnal profiles. 
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S8. Primary (pPON) and secondary (sPON) organic nitrate estimation. 

The slope from a linear regression between PON, obtained from 46:30 ratios analysis in Section 2.2.2 in 

manuscript, and BBOA was used to calculate primary and secondary organic nitrate. Blue circles show the 

period where the slope between PON and BBOA was calculated (Section 4.2 in manuscript). 

  

Figure S10: Time series used to calculate the slope between PON and BBOA 

 

Figure S11: Time series of pPON and sPON for the whole period. 

 

Figure S12: pPON_ME2 and sPON_ME2 obtained from ME-2 analysis. 

Two methods have been used to determine primary and secondary PON. In the following plots we can see 

primary PON comparison has a good correlation with a pearson value of 0.7 while secondary PON comparison 

shows a different behaviour between them.  
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Figure S13: PON comparison for the two methods used. 

S9. r
2
 values between OA sources and CIMS measurements. 

Table S4 show the r
2
 values between the OA factors and CIMS measurements, for the different analyses; ALL, 

LC, bfo and WL. Only r
2
 higher or equal to 0.4 are displayed.  

Table S4: R
2
 values between OA factors and CIMS measurements. 

 

 ALL = all dataset, LC = low concentrations, bfo = bonfire night, WL = winter-like.  
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Formula Name ALL HSC LC bfo WL ALL LC bfo WL ALL LC bfo WL ALL LC bfo WL bfo

C4H6O2 methacrylic acid 0.89 0.92 0.53 0.64 0.77 0.48 0.78 0.82 0.52

C3H4O2 Acid_Acrylic 0.85 0.90 0.65 0.62 0.70 0.43 0.48 0.79 0.88

H2COH2O methylhydroperoxide 0.78 0.90 0.54 0.69 0.66 0.85

C6H6O Phenol 0.89 0.89 0.59 0.73 0.75 0.73 0.57

C7H6O2 Benzoic acid 0.89 0.57 0.89 0.86 0.65 0.83 0.45 0.71 0.73 0.67 0.72 0.64 0.58 0.57

C2H5NO Methylformamide 0.88 0.89 0.47 0.61 0.79 0.65 0.67 0.56 0.65

C2H3NO Methyl isocyanate 0.89 0.49 0.44 0.89 0.71 0.55 0.66 0.50 0.85 0.88

C5H10O2 Pentanoic acid 0.77 0.87 0.60 0.76 0.54 0.66

HNO2 nitrous acid 0.81 0.86 0.66 0.59 0.84 0.57 0.61 0.66 0.70

CH2O2 formic acid 0.52 0.86 0.62 0.58 0.88

C3H7NO Dimethylformamide 0.80 0.85 0.59 0.76 0.56 0.63 0.60 0.63

C3H6O2 propionic acid 0.87 0.67 0.85 0.72 0.53 0.45 0.62 0.41 0.67 0.78 0.78 0.63

C2H5N3O2 C2H5N3O2 0.83 0.77 0.59

CHNO Isocyanic acid 0.86 0.64 0.83 0.56 0.68 0.81 0.84 0.80 0.86 0.47

C4H6O4 succinic acid 0.83 0.71 0.60

C6H6O3 trihydroxybenzene 0.83 0.48 0.72 0.82 0.85 0.62 0.79 0.42 0.75 0.71 0.59 0.82 0.54 0.59 0.49

C4H8O2 butyric acid 0.80 0.58 0.76

C2H2NO3 C2H2NO3 0.61 0.79 0.48 0.56 0.49 0.63 0.90

HO2H2O HO2H2O 0.53 0.77 0.63 0.70

CHN Hydrogen cyanide 0.80 0.66 0.76 0.84 0.57 0.36 0.70 0.60 0.74 0.62 0.69 0.61 0.54 0.77

C6H6O2 Catechol 0.73 0.73 0.44 0.56 0.63 0.62

C7H8O Cresol 0.79 0.72 0.50 0.59 0.59 0.51 0.65

C3H4O4 Malonic acid 0.69 0.50 0.52 0.54

C7H8O2 guaiacol 0.63 0.62 0.78 0.45 0.43 0.62 0.58 0.57

C2H4O3 Glycolic Acid 0.62 0.42 0.63

CNO anion isocyanate 0.66 0.61 0.61 0.48 0.50 0.81 0.74 0.76 0.74

C3H7NO2 L-Alanine 0.54 0.64 0.65

* NO 0.40 0.63 0.59 0.58 0.46

* NO2 0.45 0.51 0.41 0.50 0.54

* Nox 0.60 0.47 0.57 0.59

* CO 0.79 0.55 0.81 0.67 0.64 0.80 0.42 0.48 0.58 0.56 0.78

* SO2 0.63 0.57 0.52 0.72

ClNO3 Chlorine nitrate 0.45 0.45 0.69 0.53 0.66

ClNO2 nitryl chloride 0.47 0.74 0.52 0.67

Cl2 Chlorine 0.51 0.44

C6H5NO3 nitrophenol  0.41 0.55

LVOOABBOA COA sPON
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6.3 On-line aerosol and gas measurements from cooking emissions: 

implications for source apportionment 
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Priestley, Carl Percival, Hugh Coe, James D. Allan 

The manuscript has been submitted to the Environmental Science and Technology 

journal. This version is the one sent to the journal after addressing the reviewer’s 

comments.  

Research highlights: 

 On-line measurements of cooking a series of food (English breakfast, Fish&Chips, 

different types of meat and vegetables) were performed in a laboratory-based 

study. 

 Mass spectra from different types of food were generated from AMS 

measurements and food cooking markers were identified, both in gas and 

particle, from FIGAERO-CIMS measurements, to be used in future source 

apportionment studies. 

 An effect on semi volatility was observed from diluted experiments, with a 

higher gas/particle ratio in diluted experiments as a result of the light molecular 

mass species to prefer to remain in gas the phase rather than in the particle phase. 

Author contributions: 

I designed the measuring campaign selecting the different types of food cooked, cooking 

methods and cooking procedure. I participated in the AMS calibration and instrument 

deployment. I operated the aerosol instrumentation and cooked the food during the 

measuring campaign. Dr Michael Le Breton and Dr Thomas Bannan collaborated with 

the FIGAERO-CIMS measurements. Michael Priestley and Archit Mehra helped with 

formic and levoglucosan calibrations. I personally performed the data analysis with Dr 

Thomas Bannan guidance in the FIGAERO-CIMS data analysis. I wrote the manuscript 

and worked on the comments from co-authors. Dr James Allan supervised me during 

the design of the campaign, measurements and the preparation of the manuscript. 
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Abstract. Food cooking organic aerosols (COA) are one of the main primary sources of 17 

submicron particulate matter in urban environments. However, there are still many questions 18 

surrounding source apportionment related to instrumentation as well as semi-volatile 19 

partitioning as COA evolve rapidly in the ambient air, making source apportionment more 20 

complex. Online measurements of emissions from cooking different types of food were 21 

performed in a laboratory in order to characterize particles and gases. Aerosol mass 22 

spectrometer (AMS) measurements showed that the relative ionization efficiency for OA was 23 

higher (1.56 - 3.06) relative to a typical value of 1.4, concluding AMS is overestimating COA 24 

and suggesting previous studies likely overestimated COA concentrations. Food cooking 25 

mass spectra were generated using AMS and gas and particle food markers were identified 26 

with FIGAERO-CIMS measurements to be used in future food cooking source apportionment 27 

studies. However, there is a considerable variability both on gas and particle markers and 28 

dilution plays an important role in the particle mass budget, showing the importance of using 29 

these markers with caution when receptor modeling. These findings can be used to better 30 

understand the chemical composition of COA and it provides useful information to be used in 31 

future source apportionment studies. 32 

Keywords: AMS, FIGAERO-CIMS, Organic aerosols, Source apportionment, mass spectra. 33 

1. Introduction 34 

Atmospheric aerosols have been found to cause severe air quality problems.
1-3

 Food 35 

cooking emissions are one of the main indoor and outdoor sources of particles around the 36 

world.
4
 Cooking Organic Aerosols (COA) represent a high contribution to OA, particularly in 37 

urban environments. For instance, Huang, et al. 
5
, in a study performed during the Olympic 38 

Games Beijing 2008,  identified that COA contribute 24% while Sun, et al. 
6
, in a study 39 

performed during summer 2009 at Queens College in New York, identified COA to 40 
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contribute 16%. Moreover, COA contribution to OA (24%) was found to be higher than 41 

traffic-related hydrocarbon-like OA (HOA, 16%) in a study performed in 2012 in Lanzhou 42 

China. 
7
 43 

In 2005, the first study to identify COA from aerosol mass spectrometer (AMS) 44 

measurements was performed by Lanz, et al. 
8
 in Zurich, Switzerland identifying a ‘minor’ 45 

COA source. Allan, et al. 
9
 identified, for the first time in the UK, COA, which were found to 46 

contribute 34% to OA concentrations.  Further ambient OA studies have investigated the 47 

COA seasonal trend in the UK
10, 11

 and other parts of the world.
12-15

 However, follow up 48 

studies in Barcelona, Spain did find specific markers for food activities. 
16, 17

 China, in 49 

particular, has performed several studies, over the last decade, towards online chemical 50 

aerosol characterization,
18

 recognizing cooking emissions to be one of the main primary 51 

sources of OA, with studies in urban environments such as Lanzhou,
19, 20

 Beijing
21

 and 52 

Baoji.
22

 53 

While COA have been investigated in different ambient studies, their complexity still makes 54 

it challenging to fully characterize their chemical properties. Dall’Osto, et al. 
23

 performed an 55 

in-depth characterization of COA at a rural site, where it was stressed that the COA factor, 56 

deconvolved from AMS measurements, included other emissions than food cooking. Another 57 

important aspect that makes challenging to quantify COA is the aging occurring in ambient 58 

air, making the mass spectra of COA experience a seasonal variation, hence there being a 59 

difference in summer and winter.
24

 60 

The use of other techniques to study aerosols allows a better understanding of food cooking 61 

aerosols.
4, 18

 Receptor modeling is a technique that has been successfully used to perform 62 

aerosol source apportionment.
25-27

 Multilinear engine (ME-2) is a source apportionment tool 63 

that uses information from previous studies (i.e. mass spectra) as inputs to partially constrain 64 
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solutions when identifying sources.
28

 Chemical mass balance (CMB) uses source profiles or 65 

fingerprints to identify and quantify source contributions.
29

 However, this technique has 66 

ambiguities of its own; there are uncertainties related to the representativeness of the profiles 67 

used and uncertainties surrounding the effect phenomena such as semi-volatile repartitioning 68 

and chemical aging have on the mass budget and markers. This situation increases the 69 

complexity to perform COA source apportionment as they evolve rapidly in the ambient air.
23

  70 

Over more than 15 years, the Aerodyne aerosol mass spectrometers have proven to be a 71 

powerful tool to quantify and characterize the composition of non-refractory submicron 72 

aerosol concentrations.
30, 31

 However, certain studies have identified an overestimation of OA 73 

concentrations measured with AMS when compared to collocated measurements. Yin, et al. 74 

32
 found food cooking aerosols, identified with positive matrix factorization (PMF), to 75 

overestimate CMB results by a factor of two, in spite of a good correlation. Minguillón, et al. 76 

33
 determined organic aerosols-to-organic carbon ratios to be higher than unity, stating this is 77 

explained by an underestimation of the relative ion efficiency of OA (RIEOA), a parameter the 78 

instrument uses to calculate OA concentrations. Murphy 
34

 presented a model approach to 79 

estimate RIE based on molecular mass. While Jimenez, et al. 
35

 disagreed that the effect was 80 

as strong as suggested, however, both agree that RIE values have the potential to be higher 81 

than the typical RIEOA=1.4.
36

  82 

There has been a wide range of controlled experiments to investigate different aspects of 83 

food cooking aerosols. 
37-39

 However, until now there has been no laboratory study analyzing 84 

both particle and gas phase emissions using online measurements. Here, we present combined 85 

on-line measurements of the high-resolution time-of-flight aerosol mass spectrometer (HR-86 

ToF-AMS) and the filter inlet for gases and aerosols (FIGAERO) attached to the high-87 

resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS). The HR-88 

ToF-AMS quantifies high time resolution concentrations of OA. However, there is no 89 
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molecular information due to the ion fragmentation produced by the strong electron 90 

ionization. Hence, the characterization of particles collected with FIGAERO and together 91 

with the soft chemical ionization from HR-ToF-CIMS provides additional information such 92 

as molecular weight and chemical formula of species within both the gas and particle phases, 93 

which will help in bridging the gap between PMF-AMS and CMB analyses and also to assist 94 

in interpreting ambient FIGAERO-CIMS data.   95 

This study aims to provide a better understanding of food cooking aerosol chemical 96 

characterization, focusing on three main scientific objectives: 1. To investigate potential 97 

AMS quantification issues regarding COA; 2. To provide profiles in both the AMS and 98 

CIMS to assist in the interpretation of field data; 3. To establish whether emissions from 99 

cooking are semi-volatile, and to what extent this may impact upon source apportionment 100 

techniques.  101 

2. Methodology 102 

2.1 Measurements. Online measurements of gases and particles, emitted from cooking 103 

different types of food, were carried out in a laboratory. A variety of food (fish and chips, 104 

English breakfast, vegetables and different types of meat) was cooked using rapeseed 105 

(canola) oil. Two types of electric cooking equipment were used; a deep fryer, using three 106 

liters of cooking oil; and an induction hob to shallow fry in a pan with a diameter of 22 cm. 107 

When shallow frying meat on a flat frying pan, two cooking styles were used; stir-fried, 108 

which involves chopping meat into small pieces and stirring meat while cooking; and chop 109 

frying. The different cooking methods were used to determine whether they would have an 110 

effect on the aerosol chemical composition. The cooking time of each food was between 4-8 111 

minutes depending on the time needed for the food to be completely cooked. A total of 36 112 

experiments were performed. Emissions were directed to a movable extraction cowling where 113 

the common sample inlet was located (Figure S1). The sample inlet was optionally attached 114 
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to a diluter (Dekati, DI-100), using compressed air to obtain a dilution factor of 115 

approximately 1:10. Diluted/non-diluted experiments were performed to investigate gas semi-116 

volatile behavior and its effect on the aerosol budget. 117 

2.2 HR-ToF-AMS and SMPS measurements. Submicron non-refractory aerosol 118 

concentrations (OA, SO4
2-

, NH4
+
, NO3

-
, and Cl

-
) were measured with a HR-ToF-AMS 

31
, 119 

hereafter AMS. The procedure to quantify AMS mass concentrations has been previously 120 

described 
40, 41

. The two main parameters AMS uses to quantify aerosol concentrations are 121 

collection efficiency (CE) and relative ionization efficiency (RIE).  The CE measures how 122 

well particles are transmitted and detected, depending on three terms: the transmission 123 

efficiency of the aerodynamic lenses, the transmission loss due to nonsphericity of particles 124 

and bouncing of particles when impacting the vaporizer 
42, 43

. Aerosols that tend to be liquid 125 

and with diameters between 60 and 600 nanometers (nm) present high CE 
44, 45

, thus in this 126 

study, a CE = 1.0 was used. RIE is the ratio of IE of a given analyte (defined as ions detected 127 

per available vapor molecule) relative to the IE of nitrate obtained from ammonium nitrate 128 

calibrations. The default value of RIE for OA (RIEOA=1.4) used. 
35, 36

 However, after 129 

comparing the AMS aerosol concentrations with Scanning Mobility Particle Sizer (SMPS) 130 

measurements, it was found AMS to overestimate aerosol concentrations. This 131 

overestimation is attributed to RIEOA to be higher than 1.4.  Further details are provided in 132 

the Supplement S1. Elemental analysis was performed as described by Aiken, et al. 
46

 with 133 

the “improved ambient” method proposed by Canagaratna, et al. 
47

.  134 

Particle number concentration and size distribution, with mobility diameter ranging from 135 

18 to 514 nm, were measured using an SMPS (model 3936, TSI). In order to compare SMPS 136 

with AMS measurements, a density of 0.85 g·cm
-3

, average density of rapeseed oil and oleic 137 

acid 
48

, was used to convert SMPS volume concentration to mass concentration.  138 
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2.3 FIGAERO-HR-ToF-CIMS measurements. The HR-ToF-CIMS, hereafter CIMS, with 139 

iodide (I
-
) as reagent ion 

49
, was used to measure oxidized organic compounds in the gas 140 

phase. 
50

 FIGAERO, coupled to the CIMS measured particle composition. CIMS measured 141 

gases over the time food was being cooked while particles were collected on a filter in the 142 

FIGAERO inlet. The gas phase measurements were followed by desorption of the collected 143 

particles into the CIMS,  using a programmed desorption step, where 2 slpm flow of N2 was 144 

ramped from ambient temperature up to 200° C over 15 minutes and passed through the filter 145 

into the inlet to be detected by the CIMS. Both gases and particles were collected using a 146 

flow of 2 slpm. Aerosols emitted when cooking English breakfast (composed of tomato, 147 

mushroom, eggs, bacon, black pudding and sausages) were collected on one filter, other 148 

experiments were also collected in one filter when cooking the same type of food, for 149 

example, stir-fried chicken and chop fried chicken. Table 1 shows the desorbed filters using 150 

this procedure. Details about FIGAERO-CIMS calibration is provided in Supplement S2. 151 

3 Results 152 

3.1 Aerosol concentrations overview. A wide range of aerosol concentrations was 153 

measured with AMS and SMPS. Table 1 shows the information for the performed 154 

experiments; non-diluted and diluted, using deep fried and shallow fried as cooking methods. 155 

Looking at SMPS concentrations of non-diluted experiments, higher aerosol concentrations 156 

were present on shallow fried compared to deep frying. For shallow fried experiments, 157 

aerosol average concentrations range from 9.6 µg·m
-3

 for black pudding to 395 µg·m
-3

 for 158 

sausages, while deep frying concentrations ranged between 4.3 – 223.5 µg·m
-3

. Other high 159 

concentrations include tomato (226.5 µg·m
-3

) and bacon (247.6 µg·m
-3

). The fact that tomato 160 

shows high concentrations may be explained by the fact that tomato was chopped in half and 161 

there was more surface area in contact with the oil/pan. Moreover, the chopped tomato would 162 

have a high moisture content, causing more sizzling and therefore mechanical ejection. 163 
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3.2 AMS oxidation state. Elemental analysis (oxygen and hydrogen to carbon ratios, O:C 164 

and H:C) is an approach to explore the oxidation state of OA. In this study O:C and H:C 165 

mean and standard deviation ellipse (SDE) were calculated for the experiments matching 166 

with the filters collected with FIGAERO (F0-F17), to study the OA oxidation state which 167 

may have implications on source apportionment. The standard deviation ellipse (SDE) used 168 

in the graphs to denote spread was calculated following the equations detailed in Gong 
51

. 169 

Figure 1 shows the Van Krevelen diagram with O:C and H:C ratios. When analyzing the SDE 170 

in Figure 1.b, shallow frying (continuous lines) shows the greater variability both in O:C and 171 

H:C ratios compared to deep frying and (dotted lines). The variation in ratios when shallow 172 

frying is expected as this type of cooking involves flipping over the meat and/or stirring food 173 

while deep frying cooks food with continuous heating of three litters of oil and relatively 174 

little disturbance of the food itself. These findings suggest the effect cooking styles may have 175 

on aerosol composition. 176 

Diluted experiments showed higher mean O:C ratios compared to non-diluted experiments 177 

(Fig. 1.d): English breakfast, deep fried sausages and Deep fried burgers with 0.28 (F11), 178 

0.28 (F9) and 0.25 (F3) for diluted compared to 0.23 (F10), 0.17 (F8) and 0.19 (F8) for not 179 

diluted, respectively. This increment on O:C may result from the evaporation of more volatile 180 

molecules, leaving a relatively larger fraction of less volatile molecules with a possible higher 181 

O:C in the particle phase. 182 

Circles and dotted lines represent deep frying samples in 1.a and 1.b and non-diluted samples 183 

in 1.c and 1.d. Triangles and continuous lines represent shallow frying samples in 1.a and 1.b 184 

and diluted samples in 1.c and 1.d. OS represents the oxidation state which increases with 185 

oxidative aging.
52

 Blue and red dotted lines in 1.a represent f44 and f43 as used on the 186 

triangle plot proposed by Ng, et al. 
53

. Figures 1.b and 1.d are a zoomed version of figures 1.a 187 

and 1.c respectively. Description of filters (f0-f17) is provided in Table 1. 188 
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Mean O:C (0.15-0.32) and H:C (1.69-1.86) values observed in this study are compared to 189 

the ones seen in the literature. Kaltsonoudis, et al. 
24

 in a laboratory study from charbroiling 190 

meat, exposing emissions to UV illumination and oxidants, found O:C values of 0.09-0.3, 191 

with O:C ratios increasing with chemical aging. Ambient O:C ratios from COA have been 192 

found with values of (0.10- 0.22). 
7, 47, 54, 55

 These values are similar to other POA such as 193 

HOA with values of 0.14-0.38 
47, 54, 56, 57

, though HOA presents a higher H:C ratio. While 194 

high O:C ratios have been seen on secondary OA (SOA) 0.52-1.02. 
47, 54, 56

 This increment in 195 

O:C ratios from POA to SOA is due to the chemical aging aerosols present in the atmosphere.  196 

While O:C and H:C ratios of this study are similar compared to the ratios from food 197 

cooking aerosols found in the literature, O:C and H:C ratios from food cooking aerosols are 198 

different from the ones of other primary OA such as HOA, which has a higher H:C or 199 

secondary OA with a higher O:C (Refer to Table S4 for more O:C ratios from literature). 200 

Diluted experiments presented an increment on O:C, showing what would be expected to 201 

happen when aerosols are emitted to the atmosphere with further dilution and aging, as we 202 

qualitatively expect the more polar compounds to have a lower vapor pressure.
58

 Laboratory 203 

studies aiming to determine food cooking markers should consider performing diluted 204 

experiments to better represent ambient conditions. 205 

3.3 FIGAERO - AMS comparison. The soft chemical ionization of the CIMS provides 206 

molecular information of chemical species and, with the use of the FIGAERO inlet, it is 207 

possible to identify food cooking markers both in particle and gas phase. In this study, 128 208 

compounds were identified in the gas phase, from which 69 were also identified in the 209 

particle phase (Table S3). The sum of the average concentration of the 69 compounds in 210 

particle phase, identified in each desorbed filter, was compared to the average OA 211 

measurements from AMS. This comparison was performed as a way to validate particle 212 

measurements obtained from the FIGAERO. Table 1 indicates the filters taken with 213 
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FIGAERO to which AMS averages were calculated. Due to a technical issue, no filter data is 214 

available for the first six filters (F0 to F5), thus the following FIGAERO-CIMS analysis will 215 

be performed from filters F6 to F17. Additionally, a comparison was performed using 216 

levoglucosan, which is a compound identified both with FIGAERO-CIMS and AMS 217 

instruments. In the AMS it is typically identified at m/z 60 
59

 while in the FIGAERO-CIMS it 218 

is identified with molecular mass 288.96 g.mol
-1

 (molecular mass of C6H10O5 + I). Figure 2 219 

shows non-diluted deep fried sausages (F9) and English breakfast (F10) are the experiments 220 

with the highest aerosol concentrations. Both levoglucosan (Figure 2.a) and total aerosol 221 

concentrations (Figure2.b) present similar trend. A strong correlation is observed with r = 222 

0.88 for the levoglucosan comparison and r = 0.83 for the total particles comparison. 223 

FIGAERO measured 22 times higher levoglucosan concentrations, which is expected as 224 

AMS concentrations are the m/z 60 related, a fragment related to levoglucosan. While in the 225 

total aerosol comparison, FIGAERO quantified 80% of OA measured by the AMS, results 226 

consistent with previous studies, which have identified FIGAERO to quantify 25-50% of OA 227 

concentrations. 
60-62

 228 

3.4 FIGAERO-CIMS food cooking markers  229 

Deep frying emitted more gases than shallow frying (Table 2), which is expected due to the 230 

larger amount of oil used during deep frying. Eight organic acids were identified as cooking 231 

markers in the gas phase: isocyanic (HNCO), formic (CH2O2), acrylic (C3H4O2), propionic 232 

(C3H6O2), hydroxypropionic (C3H6O3), malonic (C3H4O4), hexanoic (C6H12O2) and adipic 233 

(C6H10O4). These organic acids were chosen as markers as they were present in all cooking 234 

samples with high concentrations. Hydroxypropionic acid was the compound with a higher 235 

presence in gas phase both on deep frying and shallow frying. In general, HNCO 236 

concentrations were identified in the majority of the samples. HNCO has been related to 237 

biomass burning 
63

 and traffic emissions.
64

 However, to our knowledge, no studies in the 238 
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literature have reported HNCO concentrations emitted from food cooking. Roberts, et al. 
65

 239 

reported HNCO concentrations to be related to coal used as a fuel to cook but not to the food 240 

itself. 241 

Nitrogen-containing compounds have been previously found to have negative effects to 242 

human health 
66

 and have been identified on cooking emissions. 
4
 They may be emitted either 243 

from the food itself or also from additives. In this study, 14 different nitrogen-containing 244 

compounds were identified both in the gas and particle phase (Table S5). C4H2NO2 and 245 

parabanic acid (C3H2N2O3), during deep-frying experiments, were identified only in the gas 246 

phase. The rest of the nitrogen-containing compounds were identified mainly in the particle 247 

phase: Creatinine (C4H7N3O), nitrobenzene (C6H5NO2), C6H7NO2, C5H7N2O2, C5H8NO3, 248 

C6H13NO2, C5H9N3O2 and C13H15NO2 were present only in shallow frying experiments. 249 

Nicotinamide (C6H6N2O), nitrobenzene, C6H7NO2 and C5H8NO3 were mainly emitted from 250 

non-diluted deep fried sausages (filter9), diluted shallow fried pork (filter15) and diluted 251 

shallow fried lamb (filter16). While it was not possible to determine or speculate at the 252 

structure of many of the identified nitrogen-containing compounds, given the potential 253 

impacts of this compound class, it is worth reporting their presence and contribution to food 254 

cooking emissions, which were mainly found in the particle phase. Further studies should be 255 

aimed to further characterize and quantify these nitrogen-containing compounds. 256 

4 Discussion 257 

4.1 Relative Ion Efficiency of OA. The AMS has been widely used to measure the 258 

chemical composition of non-refractory aerosols. However, it has been found to report food 259 

cooking OA concentrations to be greater than other measurement techniques.
32

 Table S1 260 

shows OA has higher concentrations compared to SMPS, resulting in OA/SMPS ratios to be 261 

higher than unity. OA concentrations were originally calculated with RIEOA= 1.4. as 262 

suggested by Alfarra, et al. 
36

. However, it has been previously shown that RIEOA values may 263 
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vary within functional groups.
40

 An increment on RIEOA will decrease the reported OA 264 

concentration. Hence, the hypothesis here is that the overestimation of OA measurements 265 

compared to SMPS is due to RIEOA to be higher than 1.4.  266 

This shows that RIEOA_corr values are higher than 1.4, with values between 1.56 and 3.06 267 

(Table S2). The highest RIEOA_corr value of 3.06 was observed with diluted deep fried 268 

experiments. This value is in agreement with Murphy 
34

 and Jimenez, et al. 
35

, who reported 269 

oleic acid to have an RIE of 2.8-4.0 and 3.2 respectively. After heating, oleic acid is the main 270 

component of rapeseed oil 63% - 70% 
67, 68

, and this hypothesis is further supported by the 271 

fact that high RIEOA_corr values were present with deep fried experiments, where much of the 272 

particulate matter likely originates from the recondensation of semivolatiles from the oil or 273 

the mechanical ejection of oil by bubbles bursting during frying. The low RIEOA_corr values 274 

for shallow fried indicate that the OA emissions from meat and vegetables have RIEs closer 275 

to the default of 1.4.  276 

The increment on RIEOA, combined with the assumed CE of 1, found in this study explains 277 

the good correlation but quantitative disagreement between PMF-AMS and CMB reported by 278 

Yin, et al. 
32

 and also agrees with Minguillón, et al. 
33

 who also found RIEOA to be higher than 279 

1.4. It is worth mentioning a possible limitation of SMPS mass concentrations obtained is that 280 

a density of 0.85 g·cm
-3

 is assumed, which may not be accurate. However, the deviations in 281 

RIE reported are deemed to be larger than the plausible uncertainty in density. The RIE result 282 

has significant implications for ambient measurements of COA. While COA concentrations 283 

have often been reported to be a significant contribution to primary OA aerosol 284 

concentrations, these could have been overestimated in previous studies. However, it is 285 

unlikely that the bulk OA concentrations have been systematically misreported overall, as 286 

these have frequently compared favorably with external comparisons.
35

 If the COA 287 
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specifically is being over-reported, then this should be accordingly corrected after it has been 288 

isolated using factorization. 289 

4.2 Food cooking AMS mass spectra. Source apportionment tools, like the multilinear 290 

engine (ME-2), use inputs in the way of mass spectra or time series, to partially constrain 291 

solutions and better deconvolve OA sources.
28

 Mass spectra of COA have certain 292 

characteristics that make them different to mass spectra from other sources, for example the 293 

signals at m/z 41, m/z 55 and m/z 57, with a higher signal at m/z 55 compared to m/z 57. 
9, 12, 

294 

23
 The generation of mass spectra, from different types of food cooking and a better 295 

understanding of their variations, will help to improve COA source apportionment. In this 296 

study, a comparison was performed within the mass spectra obtained from the experiments 297 

and with the mass spectra from other ambient and laboratory studies. Table S6 shows the 298 

uncentered Pearson’s correlation coefficients (ur, also known as the ‘normalized dot product’ 299 

or ‘cosine angle’) and Table S7 shows the list of external mass spectra used in the 300 

comparison. 301 

The correlations performed within the experiments showed high ur values ranging from 302 

0.876 when comparing two different cooking and meat types (diluted shallow fried chicken 303 

vs non-diluted deep fried burgers) to 0.999 when comparing deep fried burgers diluted vs 304 

non-diluted. Fish and chips and English breakfast also showed high ur values when 305 

comparing diluted and non-diluted experiments, suggesting diluting presents little effect on 306 

mass spectra.  307 

A decrease on correlations were observed when comparing the mass spectra of this study 308 

with COA mass spectra from previous ambient studies, with ur values from 0.734 (non-309 

diluted deep fried fish and chips vs COA from Lanz, et al. 
8
) to 0.991 (diluted deep fried 310 

sausages vs COA from Reyes-Villegas, et al. 
69

). The low correlations obtained when 311 

comparing mass spectra of this study with COA from Lanz, et al. 
8
 might be expected as the 312 
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later was the first PMF-AMS study, focused more on the development of the methodology 313 

and was contained within a higher-order solution, where the authors expressed doubts as to 314 

its accuracy. 315 

From these correlations, we can see that when cooking different types of meat/vegetables 316 

and using a variety of cooking styles (deep frying and shallow frying), mass spectra from 317 

fresh emissions do not vary significantly.  However, the decrease in ur values when compared 318 

with mass spectra from past ambient studies from the literature, suggests aging of food 319 

cooking aerosols (through repartitioning or chemical reactions) in the atmosphere that are not 320 

capture here.  321 

4.3 Effect of dilution on food cooking aerosols. From the desorption analysis, 69 322 

compounds were identified in the particle phase (Table S3). From this list, Table 4 shows the 323 

12 compounds that have been previously identified as cooking markers 
4, 26, 70, 71

 324 

Levoglucosan (C6H10O5), dicarboxylic acids: succinic (C4H6O4), glutaric (C5H8O4), pimelic 325 

(C7H12O4), suberic (C8H14O4), azelaic (C9H16O4), sebacic (C10H18O4), dodecanedioic 326 

(C12H22O4), and carboxylic acids: palmitic (C16H32O2), margaric (C17H34O2), linoleic 327 

(C18H32O2) and oleic (C18H34O2). However, the majority of these markers have been 328 

identified from off-line measurements or from gas and particle measurements in separate 329 

studies. Here we show near real-time measurements of both gases and particles, gas-to-330 

particle ratios (G/P) and the effect of dilution.   331 

These 12 compounds are considered to be cooking markers in the particle phase as they 332 

were found mainly during the filter desorption. Even when they were identified as being 333 

present in the gas phase, the G/P ratio is still lower than unity. In contrast, for the gas phase 334 

cooking markers presented in Table 2, the G/P ratio was greater than unity. G/P ratios were 335 

calculated from average gas and particle counts·sec
-1

 (Table 3). It is worth mentioning that 336 

some of these compounds are also found to be in other sources; for example, levoglucosan 337 
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has been used as a marker of biomass burning aerosols.
70

 Succinic, glutaric, pimelic acids and 338 

levoglucosan were found mainly in the gas phase for the diluted deep frying experiments (F7 339 

and F8). Denoting the high variability of gas-particle partitioning and the implication of 340 

different cooking conditions in the food cooking emissions.  341 

Higher G/P ratios were observed with diluted experiments compared to non-diluted. Deep 342 

fried sausages (F9) present higher G/P ratios with Succinic, glutaric, pimelic, levoglucosan, 343 

suberic and azealic compared with diluted deep fried sausages (F8). A similar situation was 344 

present with diluted and non-diluted deep fried burgers (F7 and F6 respectively) and English 345 

breakfast (F11 and F10 respectively). This behavior is explained in that with diluting 346 

experiments, light molecular masses will tend to be more in the gas phase than species with 347 

high molecular mass, which will tend to stay in the particle phase. This suggests that the use 348 

of these as cooking markers for CMB analysis may be problematic, as their particle-phase 349 

concentrations may diminish with dilution, although whether this creates a positive or 350 

negative artifact will depend on whether their rate of evaporation is consistent with that of the 351 

overall mass of particulate used in the mass balance model.  352 
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Table 1. List of all cooking experiments. 636 

  
Food 

Exp. 
# 

Diluted 
OA  

[µg.m-3] 
SMPS         

[µg.m-3] 
Diameter 

(nm) 
Peak 

dM/DlogDp 
Filter 

# 

D
ee

p
 f

ri
ed

 

Fish&chips E1 N 23.8 16.1 346 37 F0 

Fish&chips E2 N 54.7 21.9 429 18 F1 

Fish&chips E3 Y 5.3 4.3 385 10 
F2 

Fish&chips E4 Y 5.8 4.3 334 11 

Burgers E5 Y 10.8 13.2 98 28 F3 

Burgers E6 N ** ** ** ** F4 

Burgers E7 N ** ** ** ** F5 

Burgers E8 N 87.9 ** ** ** 
F6 

Burgers E9 N 93.7 ** ** ** 

Burgers E10 Y 7.6 11.1 136 17 
F7 

Burgers E11 Y 9.1 21.5 131 47 

Sausages E12 Y 9.7 12.3 105 18 F8 

Sausages E13 N 183.0 223.5 151 452 F9 

Sh
al

lo
w

 f
ri

ed
 

Tomato E14 N 240.1 226.5 346 286 

F10 

Mushroom E15 N 112.7 117.9 334 204 

Eggs E16 N 28.0 47.0 102 65 

Bacon E17 N 219.7 247.6 157 392 

Black puddin E18 N 19.0 9.6 146 12 

Sausages E19 N 424.1 395.0 260 540 

Tomato E20 Y 15.3 17.7 209 34 

F11 

Mushroom E21 Y 10.8 7.5 241 12 

Eggs E22 Y 1.8 ** ** ** 

Bacon E23 Y 4.6 ** ** ** 

Sausages E24 Y 16.8 ** ** ** 

Black puddin E25 Y 4.0 3.5 109 5 

Bacon E26 Y 2.9 2.8 64 4 

Salmon E27 Y 20.8 18.2 131 30 
F12 

Salmon_SF E28 Y 16.9 16.1 131 32 

Burgers E29 Y 30.9 23.2 131 48 F13 

Vegetables_SF E30 Y 61.1 ** ** ** 
F14 

Vegetables_SF E31 Y 96.1 45.3 399 69 

Pork E32 Y 21.3 22.3 122 37 F15 

Lamb E33 Y 49.0 51.8 175 98 
F16 

Lamb_SF E34 Y 8.3 8.3 269 13 

Chicken E35 Y 26.8 33.3 118 58 
F17 

Chicken_SF E36 Y 8.0 8.7 98 14 

E= Experiment, N=No Y=Yes, SF = steer-fried, ** samples were lost. , F=Filter. 637 
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 642 

   643 

Figure 1. Van Krevelen diagram with mean (markers) and SDE (lines) of O:C and H:C. 644 

 645 

    646 

Figure 2. FIGAERO-AMS comparison for levoglucosan (a) and OA (b) concentrations. Red 647 

lines show linear regression. Description of filter numbers (F0-F17) is provided in Table 1. 648 
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Table 2. Cooking markers in the gas phase. 651 

Formula  Name * F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 Mass + I 

CHNO 
Isocyanic 

acid 

G 7.84 17.01 13.11 3.94 9.16 1.56 
 

3.34 2.14 1.32 2.68 
 

169.91 P 
            

R                         

CH2O2 Formic acid 

G 16558.40 13439.20 8726.79 14167.10 5146.27 
 

762.00 
     

172.91 P 
 

1.12 2.40 2.18 
      

0.11 
 

R 
 

65.38 40.60 83.42 
        

C3H4O2 Acrylic acid 

G 5167.44 1351.57 623.29 2737.11 55.43 8.42 12.65 25.36 19.44 1.97 3.99 13.57 

198.93 P 0.02 0.01 0.01 0.25 
        

R 1404.82 766.57 467.14 143.03                 

C3H6O2 
Propionic 

acid 

G 17.58 9.24 4.57 8.63 6.02 3.66 1.54 5.62 6.17 0.89 1.94 1.42 

200.95 P 0.01 
  

0.02 
        

R 9.33 
  

4.55 
        

C3H6O3 
Hydroxypropi

onic  

G 109170.00 79445.60 78302.60 108587.00 3672.54   7397.47 5085.04   12600.70 11146.40 6038.39 

216.94 P 31.60 37.33 42.43 83.59 11.40 0.93 4.43 7.40 1.59 21.32 3.32 1.81 

R 17.20 11.55 20.58 16.68 1.07   7.88 7.94   7.58 15.16 9.51 

C3H4O4 Malonic Acid 

G 215.06 184.02 149.88 198.71 5.73 
       

230.92 P 0.25 0.15 0.20 0.76 0.04 
       

R 4.26 6.75 8.38 3.37 0.42 
       

C6H10O2 
Hexanoic 

acid 

G 109.34 145.26 109.86 72.45 20.85 7.58 4.52 7.87 12.41       

240.97 P 0.11 0.04 0.07 0.46 0.19 0.01 0.03 0.01 0.004 0.06 0.06 0.03 

R 4.83 19.22 17.52 2.01 0.36 1.16 0.70 8.89 16.08       

C6H10O4 Adipic acid 

G 99.32 105.15 95.84 144.49 15.05 
       

272.96 P 0.36 
  

2.27 0.56 
       

R 1.37     0.82 0.09               

* G= Gas [formic equiv. ppt], P = Particle [formic equiv. µg·m
-3

], R= G/P Ratio [calculated 652 

using raw signal]. Mass+I = Molecular mass of compound + I. Description of filters (f0-f17) 653 

is provided in Table 1.  654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 
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Table 3. Cooking markers in the particle phase.  670 

Formula Name * F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 Mass + I 

C4H6O4 Succinic acid 

G 431.33 500.52 275.54 855.15 73.22 2.42             

244.93 P 14.05 0.93 2.00 53.14 6.61 0.08 0.15 0.38 0.97 

  

  

R 0.15 2.92 1.54 0.21 0.04 0.04 

     

  

C5H8O4 Glutaric acid 

G 174.82 226.38 246.82 255.09 83.62 113.96 50.31 49.86 70.40 44.02     

258.94 P 4.12 0.51 1.13 28.63 10.83 0.33 0.45 1.01 2.37 0.80 0.11 0.04 

R 0.21 2.43 2.44 0.11 0.03 0.43 0.53 0.57 0.16 0.70     

C7H12O4 Pimelic acid 

G 51.36 62.47 81.97 86.45 43.75 21.60 

 

0.67 9.52 

  

  

286.98 P 0.99 0.20 0.38 4.70 1.37 0.05 0.07 0.15 0.36 0.02 0.05 0.04 

R 0.26 1.73 2.44 0.24 0.11 0.55 

 

0.05 0.14 

  

  

C6H10O5 Levoglucosan 

G 679.57 762.16 925.19 1351.71 427.93 261.77 76.61 117.53 521.84 165.73     

288.96 P 16.83 2.09 4.16 71.14 25.00 1.18 1.28 3.10 9.37 2.77 0.28 0.06 

R 0.20 1.98 2.48 0.24 0.06 0.28 0.28 0.44 0.29 0.77     

C8H14O4 Suberic acid 

G 3.26 8.86 9.40 5.50 6.59 7.64 

     

  

300.99 P 0.29 0.06 0.12 1.06 0.95 0.05 0.10 0.16 0.20 0.06 0.07 0.05 

R 0.06 0.83 0.85 0.07 0.02 0.20 

     

  

C9H16O4 Azelaic acid 

G   2.93 1.25     4.97         8.24 0.55 

315.01 P 0.37 0.07 0.16 1.24 0.70 0.04 0.10 0.20 0.12 0.07 0.11 0.06 

R   0.22 0.09     0.14         0.34 0.02 

C10H18O4 Sebacic acid 

G 

     

12.71 4.97 7.34 9.44 0.53 41.15 23.65 

329.03 P 0.08 0.04 0.09 0.32 0.34 0.02 0.06 0.14 0.06 0.03 0.18 0.09 

R 

     

0.67 0.37 0.62 0.78 0.25 1.02 0.78 

C12H22O4 Dodecanedioic 

G                         

357.06 P 0.02   0.07 0.16 0.01 0.02 0.04 0.02 

 

0.02 0.01 

R                         

C16H32O2 Palmitic acid 

G 

     

36.36 19.19 23.19 19.12 12.96 0.06   

383.14 P 0.79 0.43 0.76 1.73 0.84 0.14 0.54 1.10 0.23 0.49 0.31 0.06 

R 

     

0.33 0.17 0.24 0.44 0.34 0.00   

C17H34O2 Margaric acid 

G           1.40 0.53 1.06 0.83 0.76     

397.16 P 0.06 0.03 0.07 0.13 0.09 0.02 0.04 0.12 0.04 0.05 0.06 0.01 

R           0.12 0.06 0.10 0.12 0.20   
 

C18H32O2 Linoleic acid 

G   6.94 3.80     40.76 29.16 32.13 28.49 25.28 5.68 4.72 

407.14 P 1.44 0.59 0.91 2.82 1.96 0.28 0.66 1.27 0.50 0.92 0.18 0.12 

R   0.06 0.05     0.18 0.21 0.29 0.30 0.35 0.15 0.11 

C18H34O2 Oleic acid 

G 

 

9.90 2.47 

  

77.77 56.31 65.38 61.71 55.90 9.54 9.88 

409.16 P 4.27 1.88 2.92 8.54 3.94 0.61 1.49 3.85 1.36 2.15 0.93 0.37 

R   0.03 0.01     0.16 0.18 0.20 0.24 0.33 0.05 0.08 

* G= Gas [formic equiv. ppt], P = Particle [formic equiv. µg·m
-3

], R= G/P Ratio (of raw 671 

signals). Mass+I = Molecular mass of compound + I. Description of filters (f0-f17) is 672 

provided in Table 1. 673 

 674 

TOC art 675 

 676 

 677 

 678 
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Figure S1. Instrument arrangement for diluted (A) and non-diluted (B) sampling. A bypass 

was used when doing non-diluted experiments.  

S1. AMS RIE and aerosol concentrations 

Table S1 shows the experiments performed with diluted/not diluted and different cooking methods. 

The OA concentrations measured with the AMS are high compared to SMPS concentrations. As 

mentioned in the manuscript, OA concentrations in Table S1 we firstly calculated with RIEOA =1.4. A 

new RIEOA is corrected (RIEOA_corr), calculated, from average concentrations, by multiplying the 

OA/SMPS ratios by 1.4 (Table S2). Finally, OA concentrations are corrected and presented in table 1 

in the manuscript. 
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Table S1. List of all cooking experiments.  

 

E= Experiment, N=No Y=Yes, SF = steer-fried, ** samples were lost. , F=Filter. 

 

 

 

 

 

 

 

 

Food Exp. # Diluted
OA 

[µg.m-3]

SMPS         

[µg.m-3]

Diameter 

(nm)

Peak 

dM/DlogDp
OA/SMPS Filter #

Fish&chips E1 N 42.8 16.1 346 37 2.7 F0

Fish&chips E2 N 98.3 21.9 429 18 4.5 F1

Fish&chips E3 Y 11.6 4.3 385 10 2.7

Fish&chips E4 Y 12.8 4.3 334 11 3.0

Burgers E5 Y 23.6 13.2 98 28 1.8 F3

Burgers E6 N ** ** ** ** ** F4

Burgers E7 N ** ** ** ** ** F5

Burgers E8 N 157.9 ** ** ** **

Burgers E9 N 168.2 ** ** ** **

Burgers E10 Y 16.5 11.1 136 17 1.5

Burgers E11 Y 19.9 21.5 131 47 0.9

Sausages E12 Y 21.2 12.3 105 18 1.7 F8

Sausages E13 N 328.7 223.5 151 452 1.5 F9

Tomato E14 N 366.9 226.5 346 286 1.6

Mushroom E15 N 172.2 117.9 334 204 1.5

Eggs E16 N 42.8 47.0 102 65 0.9

Bacon E17 N 335.7 247.6 157 392 1.4

Black puddin E18 N 29.0 9.6 146 12 3.0

Sausages E19 N 648.1 395.0 260 540 1.6

Tomato E20 Y 25.8 17.7 209 34 1.5

Mushroom E21 Y 18.2 7.5 241 12 2.4

Eggs E22 Y 2.9 ** ** ** **

Bacon E23 Y 7.8 ** ** ** **

Sausages E24 Y 28.2 ** ** ** **

Black puddin E25 Y 5.4 3.5 109 5 1.5

Bacon E26 Y 3.8 2.8 64 4 1.3

Salmon E27 Y 23.2 18.2 131 30 1.3

Salmon_SF E28 Y 22.3 16.1 131 32 1.4

Burgers E29 Y 34.5 23.2 131 48 1.5 F13

Vegetables_SF E30 Y 80.8 ** ** ** **

Vegetables_SF E31 Y 127.0 45.3 399 69 2.8

Pork E32 Y 23.8 22.3 122 37 1.1 F15

Lamb E33 Y 54.8 51.8 175 98 1.1

Lamb_SF E34 Y 10.9 8.3 269 13 1.3

Chicken E35 Y 29.9 33.3 118 58 0.9

Chicken_SF E36 Y 10.6 8.7 98 14 1.2
F17
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Table S2. AMS and SMPS average concentrations for different cooking methods. 

 

Cooking methods 

  

OA [µg·m-3] SMPS [µg·m-3] OA/SMPS 

 

Diameter [nm] 

Peak 

[dM/dlogDp] 

Avg Sdev Avg Sdev 

 

RIEOA_corr Avg Sdev Avg Sdev 

Deep fried plus  

English Breakfast 

Non-diluted 229.4 196.0 145.0 127.5 1.58 2.21 252.3 109.9 222.9 192.1 

Diluted 14.1 7.5 7.5 5.2 1.88 2.63 206.7 113.0 13.5 9.4 

English Breakfast 
Non-diluted 265.8 214.4 173.9 131.2 1.53 2.14 224.2 94.6 249.9 181.8 

Diluted 13.3 9.1 7.9 5.9 1.68 2.35 155.8 71.9 13.9 12.0 

Deep fried  
Non-diluted 156.6 123.8 87.2 96.4 1.79 2.51 308.7 116.5 168.9 200.5 

Diluted 15.2 4.3 7.0 3.8 2.17 3.06 274.7 121.8 12.9 3.5 

Shallow Fried meat 

(Diluted) 

Stir fried 14.6 5.5 11.1 3.6 1.31 1.85 224.3 74.1 19.8 8.8 

Chops 33.2 11.5 29.7 12.1 1.12 1.56 135.3 20.5 54.0 23.9 

 

Figure S2. Mass (a,b and c) and number (d, e and f) distributions of the different experiments. 
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S2. FIGAERO-CIMS background correction and calibration. 

Blank and Background subtractions 

Prior to FIGAERO-CIMS analysis, data were corrected by filter blank subtractions to particle 

concentrations and background subtractions to gas concentrations. The filter was exposed to a 

second temperature ramping immediately after finishing one sample. The average aerosol 

concentrations measured during the second desorption were used to correct aerosol 

measurements. Background gas measurements were performed before starting cooking, average 

concentrations were used for background subtractions to gas concentrations.  

Calibration. 

A thermogram analysis was performed for the ions identified in gas phase to determine whether 

they were also identified in the particle phase. Ions with signal in the thermogram lower than 

background during desorption were discarded. During the cooking experiment, a formic acid 

sensitivity of 6 cps·ppt-1 was calculated. After the cooking experiment was finished, particle 

calibrations were carried out by depositing 10 µL of varied concentration solutions of levoglucosan in 

methanol, onto the filter. These were then thermally desorbed, and the peak area of the 

thermograms was used to determine a sensitivity of 1.01E+07 counts·µg-1 with a relative formic acid 

sensitivity of 2 cps·ppt-1. The levoglucosan sensitivity for the cooking experiment was scaled based 

on the formic acid sensitivity. Finally, particle concentrations were calculated using a levoglucosan 

sensitivity of 3.0e7 counts·µg-1 and gas concentrations were calculated using a formic acid sensitivity 

of 6 counts·ppt-1. We did not perform extensive calibrations as the aim of this study is to perform 

qualitative analysis. The use of the sensitivity of one compound to calculate concentrations of all the 

compounds measured with the CIMS have been successfully applied in previous studies. 1, 2. 

 

 

 

 

 

 

 



S6 
 

Table S3. FIGAERO-CIMS list of compounds found on gas and particle
+
.  

 
Mass+I = molecular mass of the compound + iodide (I). 

 

 

 

 

 

 

 

 

 

# Formula mass + I Probable name Part # Formula mass + I Probable name Part # Formula mass + I Probable name Part

1 H2O 144.9 Water Cluster 44 C5H6N2O3 268.9 87 C13H15NO2 344.0 +

2 HO2 159.9 45 C5H9N3O2 270.0 88 C12H10O4 345.0 +

3 H2O2 160.9 Hydrogen Peroxide 46 C10H8O 271.0 naphtol + 89 C9H15O6 346.0 +

4 CHNO 169.9 47 C6H10O4 273.0 Adipic acid 90 C15H10O2 349.0 +

5 CH2O2 172.9 Formic acid 48 C9H8O2 275.0 Cinnamic acid + 91 C15H12O2 351.0 +

6 C2H3NO 183.9 Methyl Isocyanate 49 C5H10O5 277.0 92 C18H10 353.0 +

7 CH4N2O 186.9 Urea + 50 C5H12O5 279.0 Arabitol 93 C11H16O5 355.0 +

8 HNO3 189.9 51 C9H14O2 281.0 94 C12H22O4 357.1 Dodecanoic acid +

9 C3H4O2 198.9 Acrylic acid 52 C8H12O3 283.0 95 C10H16O6 359.0 +

10 C2H2O3 200.9 Glyoxylic acid 53 C11H10O 285.0 96 C9H14O7 361.0 +

11 C3H6O2 200.9 Propionic acid 54 C7H12O4 287.0 Pimelic acid + 97 C12H12O5 363.0 +

12 C2H4O3 202.9 Glycolic acid 55 C6H10O5 289.0 Levoglucosan + 98 C12H14O5 365.0 +

13 C3H4O3 214.9 Pyruvic acid 56 C6H12O5 291.0 Fucose 99 C8H16O8 367.0 +

14 C4H9O2 216.0 + 57 C5H10O6 293.0 + 100 C8H18O8 369.0 +

15 C2H2O4 216.9 Oxalic acid 58 C9H11O3 294.0 101 C8H20O8 371.0 +

16 C3H6O3 216.9 Lactic acid 59 C10H16O2 295.0 102 C10H14O7 373.0 +

17 C3H8O3 219.0 Glycerol 60 C9H14O3 297.0 Pinalic-3-acid 103 C10H16O7 375.0 +

18 C4H2NO2 222.9 61 C9H16O3 299.0 104 C10H24O7 383.1

19 C4H4O3 226.9 62 C8H14O4 301.0 Suberic acid 105 C16H32O2 383.1 palmitic acid +

20 C5H9O2 228.0 63 C10H8O3 303.0 formylcinnamic acid 106 C16H18O3 385.0 +

21 C4H6O3 228.9 64 C10H10O3 305.0 Coniferyl aldehyde 107 C11H18O7 389.0 +

22 C3H4O4 230.9 Malonic Acid 65 C10H12O3 307.0 Coniferol 108 C18H16O2 391.0 +

23 C3H6O4 232.9 Glyceric acid 66 C10H14O3 309.0 109 C16H28O3 395.1 +

24 C5H6NO2 238.9 + 67 C10H16O3 311.0 Pinonic Acid + 110 C17H20NO2 397.1

25 C4H7N3O 240.0 Creatinine + 68 C9H14O4 313.0 pinic acid + 111 C17H34O2 397.2 margaric acid +

26 C3H2N2O3 240.9 Parabanic acid 69 C9H16O4 315.0 Azelaic acid + 112 C14H24O5 399.1 +

27 C6H10O2 241.0 70 C10H6O4 316.9 + 113 C13H22O6 401.0 +

28 C5H8O3 243.0 Levulinic acid 71 C8H14O5 317.0 + 114 C17H26O3 405.1 +

29 C4H6O4 244.9 Succinic acid + 72 C7H12O6 319.0 Quinic acid + 115 C18H32O2 407.1 Linoleic acid +

30 C4H8O4 246.9 Methylglyceric Acid + 73 C7H14O6 321.0 + 116 C18H34O2 409.2 Oleic acid +

31 C6H6N2O 249.0 Nicotinamide + 74 C11H16O3 323.0 Propylsyringol 117 C18H36O2 411.2 Stearic acid +

32 C6H5NO2 249.9 Nitrobenzene + 75 C13H25O 324.1 118 C21H26O 421.1 +

33 C6H7NO2 252.0 + 76 C10H14O4 325.0 119 C18H32O3 423.1 Vernolic acid +

34 C6H6O3 252.9 Isomaltol + 77 C11H20NO2 325.1 120 C17H30O4 425.1 +

35 C5H7N2O2 254.0 78 C10H16O4 327.0 + 121 C17H32O4 427.1 Heptadecanedioic acid +

36 C6H8O3 255.0 79 C10H18O4 329.0 Sebacic acid + 122 C17H20O5 431.0 Vanillyl syringyl +

37 C5H7NO3 255.9 Pyroglutamic acid 80 C8H12O6 331.0 + 123 C20H32O2 431.1 Arachidonic acid +

38 C5H8NO3 257.0 81 C11H12O4 335.0 + 124 C17H26O5 437.1 +

39 C6H13NO2 258.0 82 C14H10O2 337.0 125 C18H32O4 439.1 octadecenedioic acid +

40 C5H8O4 258.9 Glutaric acid + 83 C12H18O3 337.0 126 C16H26O6 441.1 +

41 C5H10O4 261.0 84 C11H15O4 338.0 + 127 C21H30O3 457.1 +

42 C8H8O2 263.0 Methyl benzoate 85 C10H13O5 340.0 128 C23H32O3 483.1 +

43 C6H5NO3 265.9 4-Nitrophenol + 86 C10H15O5 342.0
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Table S4 O:C and H:C ratios on the literature of cooking-related emissions. It is worth 

mentioning all these studies used a RIE of 1.4, either stated or by inference. 

Type H:C O:C Reference 

Meat charbroiling 
 

0.09-0.3 
3

 

Ambient OA 1.4-1.9 0.2-0.8 

4
 

regional OA 
 

0.9 

HOA 
 

0.06-0.1 

diesel-petrol 
 

0.03-0.04 

BBOA 
 

0.31 

OOA2 
 

0.52-0.64 

OOA1 aged 
 

0.83-1.02 

α-pinene - isoprene 1.40-1.86 0.4-0.72 
5

 

Ambient OA 1.49 0.38 
6

 

COA 1.6 0.21 

7
 

HOA 1.6 0.14 

SVOOA 1.4 0.38 

LVOOA 1.2 0.8 

M-OOA 1.61 1.05 8
 

HOA 
 

0.38 

BBOA 1.35 0.25 - 0.6 
9

 

COA 1.69 0.1 
10

 

HOA 1.58 0.17 

11
 

COA 1.73 0.11 

SVOOA 1.33 0.47 

LVOOA 1.38 0.48 

COA 1.72 0.11 

12
 

HOA 1.8 0.09 

BBOA 1.56 0.33 

OOA 1.43 0.42 

COA 1.74 0.13 
6

 

OA 1.65 0.28 

13
 

HOA 1.87 0.11 

COA 1.71 0.12 

OOA 1.48 0.48 

OOA - POA 
 

1.2 - 0.7 
14

 

HOA 1.96 0.13 

15
 

BBOA 1.76 0.36 

COA 1.81 0.22 

OOA2 1.62 0.53 

OOA1 1.43 0.84 
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Table S5 Average gas, particle and ratios (G/A) for nitrogen-containing markers. 

 

* G= Gas [formic equiv. ppt ppt], P = Particle [formic equiv. ppt µg.m
-3

], R= G/P Ratio. 

Mass+I = Molecular mass of compound + molecular mas of I. Description of filters (f0-f17) 

is provided in Table 1. 

 

 

 

 

Formula Name * F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 Mass + I

G 21.034 16.947 10.834 16.580 3.756

P 0.036 0.001 0.047 0.007

R 2.880 116.432 4.508 1.839

G 11.148 10.257 6.852 11.502 22.183 6.152 2.985 4.220 12.574 1.911 0.093

P 0.152 0.037 0.067 0.849 0.390 0.025 0.078 0.102 0.048 0.091 0.027 0.080

R 0.365 1.493 1.138 0.174 0.190 0.302 0.181 0.477 1.386 0.269 0.003

G 5.508 4.013 3.525 4.338 1.214

P 0.078 0.069 0.117 0.584 2.391 0.122 0.655 0.614 0.093 1.569 0.630 0.593

R 0.352 0.314 0.337 0.095 0.002

G 48.366 37.063 49.165 53.195 12.567

P 0.071 0.018 0.040 0.209

R 3.392 11.196 13.702 3.273

G 34.177 39.594 31.376 38.793 22.532 48.323 38.443 31.704 17.169 28.973 18.523 27.951

P 1.952 0.357 0.781 9.043 2.035 0.139 0.504 0.723 0.228 2.422 0.526 0.399

R 0.087 0.601 0.448 0.055 0.037 0.433 0.360 0.507 0.399 0.153 0.159 0.200

G 35.712 33.886 3.708 36.815 93.088 11.354

P 1.359 0.130 0.231 2.448 1.905 0.050 0.094 0.175 0.059 0.316 0.167 0.032

R 0.131 1.418 0.179 0.193 0.163 0.281

G 33.803 31.585 35.343 56.763 8.089 4.169

P 0.432 0.137 0.264 3.409 0.789 0.046 0.078 0.173 0.092 0.194 0.046 0.015

R 0.390 1.251 1.494 0.214 0.034 0.112

G 32.561 35.837 30.944 21.856 31.687 4.497

P 0.309 0.123 0.158 0.665 0.295 0.014 0.033 0.043 0.018 0.028 0.025 0.014

R 0.524 1.584 2.179 0.422 0.358 0.406

G 22.845 36.119 31.590 37.533 3.179 23.682 18.564 20.396 17.326 21.639 1.399 1.836

P 6.413 1.371 1.841 11.781 5.865 0.340 0.581 1.773 1.040 0.917 0.677 0.534

R 0.018 0.143 0.191 0.041 0.002 0.087 0.151 0.133 0.088 0.303 0.009 0.010

G 363.571 358.711 500.564 241.724 65.121

P 1.056 0.410 0.553 3.244 2.241 0.057 0.051 0.094 0.266 -0.157 0.045 0.020

R 1.714 4.750 10.092 0.957 0.097

G 30.515 33.003 35.099 29.944 4.602

P 0.461 0.085 0.128 1.523 0.506 0.048 0.180 0.182 0.159 0.460 0.335 0.338

R 0.329 2.113 3.060 0.252 0.030

G 6.996 4.659 5.197 5.093 17.239 7.183

P 0.039 0.005 0.002 0.161 0.109 0.002 0.084 0.032

R 0.897 4.952 25.148 0.405 0.928 0.638

G 5.420 4.275 4.195 2.884 1.625 0.682

P 0.146 0.027 0.040 0.384 0.295 0.013 0.024 0.044 0.040 0.041 0.013 0.007

R 0.185 0.870 1.173 0.096 0.018 0.065

G

P 0.019 0.008 0.008 0.094 0.078 0.004 0.005 0.007 0.016 0.019 0.007

R

249.937

251.953

253.956

255.948

222.914

238.945

239.964

240.912

248.953

C4H2NO2

C5H6NO2

Creatinine

Parabanic acid

Nicotinamide

256.955

258.000

265.932

269.974

344.015

4-Nitrophenol

C5H9N3O2

C13H15NO2

C4H2NO2

C5H6NO2

C4H7N3O

C3H2N2O3

C6H6N2O

C6H5NO2

C6H7NO2

Nitrobenzene

C6H7NO2

C5H7N2O2

Pyroglutamic acid

C5H8NO3

C6H13NO2

C13H15NO2

C5H7N2O2

C5H7NO3

C5H8NO3

C6H13NO2

C6H5NO3

C5H9N3O2
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Table S6 Uncentered Pearson values for different mass spectra. 

FC_ND_DF

FC_ND_DF

FC_DD_DF

BU_DD_DF

BU_ND_DF

BU_ND_DF

BU_ND_DF

BU_DD_DF

SA_DD_DF

SA_ND_DF

EB_ND_SF

EB_DD_SF

SAL_DD_SF

BU_DD_SF

VE_DD_SF

PO_DD_SF

LA_DD_SF

CH_DD_SF

Filter_av

Clear_cToF

ClearWin_HR

ClearSum_cToF

CrippaWin_HR

Mohr_HR

CrippaSum_HR

NK_Annual

NK_Spr

NK_Sum

NK_Aut

Bfire_nbf

Bfire_bfo

Bfire_nbfON

Bfire_bfoON

Lanz_WinQuad

M_CH_nsk_HR

M_FatBU_HR

M_LeanBU_HR

M_Salmon_HR

1.000
0.994

0.989
0.985

0.989
0.937

0.976
0.973

0.972
0.966

0.968
0.955

0.963
0.958

0.951
0.944

0.927
0.922

0.976
0.860

0.938
0.934

0.918
0.895

0.922
0.880

0.920
0.885

0.763
0.930

0.924
0.966

0.933
0.709

0.889
0.877

0.880
0.908

FC_N
D

_D
F

1.000
0.997

0.983
0.990

0.951
0.979

0.977
0.977

0.976
0.983

0.957
0.962

0.974
0.963

0.937
0.915

0.903
0.983

0.889
0.960

0.958
0.938

0.900
0.950

0.894
0.946

0.899
0.773

0.947
0.946

0.977
0.946

0.734
0.919

0.912
0.913

0.941
FC_N

D
_D

F

1.000
0.984

0.990
0.952

0.977
0.981

0.981
0.974

0.982
0.956

0.962
0.976

0.962
0.936

0.909
0.899

0.982
0.904

0.960
0.957

0.948
0.901

0.953
0.908

0.955
0.910

0.796
0.957

0.954
0.980

0.953
0.747

0.914
0.905

0.907
0.939

FC_D
D

_D
F

1.000
0.999

0.945
0.994

0.997
0.996

0.986
0.983

0.984
0.992

0.981
0.973

0.977
0.963

0.956
0.992

0.907
0.957

0.955
0.956

0.946
0.944

0.931
0.950

0.930
0.821

0.959
0.957

0.985
0.968

0.791
0.910

0.879
0.891

0.914
B

U
_D

D
_D

F

1.000
0.948

0.994
0.996

0.995
0.988

0.987
0.982

0.988
0.984

0.976
0.971

0.955
0.946

0.994
0.910

0.962
0.960

0.957
0.941

0.951
0.928

0.954
0.929

0.815
0.962

0.959
0.988

0.967
0.783

0.917
0.891

0.900
0.924

B
U

_N
D

_D
F

1.000
0.946

0.944
0.945

0.947
0.961

0.932
0.938

0.956
0.940

0.919
0.897

0.876
0.954

0.860
0.965

0.962
0.933

0.903
0.928

0.878
0.936

0.884
0.722

0.910
0.938

0.952
0.936

0.792
0.949

0.948
0.950

0.957
B

U
_N

D
_D

F

1.000
0.995

0.995
0.997

0.992
0.994

0.992
0.989

0.989
0.979

0.971
0.956

0.999
0.906

0.972
0.970

0.960
0.964

0.954
0.932

0.952
0.933

0.815
0.959

0.955
0.985

0.962
0.823

0.935
0.904

0.917
0.932

B
U

_N
D

_D
F

1.000
1.000

0.991
0.988

0.989
0.993

0.989
0.981

0.979
0.963

0.954
0.995

0.928
0.966

0.965
0.970

0.956
0.957

0.948
0.963

0.946
0.843

0.972
0.968

0.990
0.974

0.821
0.923

0.889
0.902

0.923
B

U
_D

D
_D

F

1.000
0.992

0.990
0.989

0.992
0.991

0.983
0.976

0.960
0.949

0.995
0.932

0.970
0.969

0.972
0.957

0.961
0.948

0.967
0.947

0.841
0.974

0.971
0.991

0.975
0.822

0.928
0.895

0.908
0.929

SA
_

D
D

_D
F

1.000
0.997

0.993
0.985

0.993
0.994

0.970
0.961

0.940
0.999

0.915
0.983

0.981
0.966

0.965
0.967

0.933
0.961

0.935
0.807

0.963
0.959

0.986
0.961

0.832
0.953

0.925
0.937

0.949
SA

_
N

D
_D

F

1.000
0.983

0.978
0.996

0.990
0.958

0.942
0.919

0.997
0.922

0.990
0.989

0.969
0.950

0.977
0.930

0.971
0.933

0.797
0.964

0.968
0.989

0.965
0.817

0.962
0.943

0.952
0.967

EB
_N

D
_SF

1.000
0.990

0.980
0.992

0.983
0.980

0.966
0.992

0.899
0.968

0.962
0.958

0.979
0.944

0.941
0.943

0.941
0.825

0.954
0.943

0.975
0.950

0.855
0.931

0.890
0.908

0.915
EB

_D
D

_SF

1.000
0.981

0.972
0.994

0.983
0.974

0.989
0.905

0.955
0.956

0.956
0.964

0.940
0.937

0.944
0.934

0.828
0.951

0.950
0.978

0.965
0.827

0.917
0.876

0.893
0.908

SA
L_D

D
_SF

1.000
0.982

0.961
0.944

0.919
0.993

0.940
0.986

0.990
0.975

0.949
0.981

0.939
0.979

0.939
0.812

0.968
0.978

0.990
0.977

0.819
0.961

0.938
0.947

0.964
B

U
_D

D
_SF

1.000
0.957

0.950
0.930

0.991
0.911

0.983
0.975

0.965
0.965

0.963
0.939

0.959
0.943

0.821
0.963

0.952
0.977

0.945
0.857

0.950
0.921

0.934
0.942

V
E_D

D
_SF

1.000
0.993

0.988
0.973

0.874
0.931

0.931
0.933

0.965
0.911

0.922
0.913

0.917
0.816

0.926
0.921

0.956
0.941

0.832
0.895

0.845
0.868

0.874
PO

_
D

D
_SF

1.000
0.993

0.961
0.849

0.917
0.916

0.913
0.967

0.891
0.908

0.889
0.906

0.798
0.905

0.898
0.939

0.921
0.829

0.884
0.828

0.854
0.852

LA
_

D
D

_SF

1.000
0.944

0.831
0.887

0.882
0.896

0.950
0.862

0.902
0.867

0.897
0.812

0.895
0.878

0.923
0.903

0.816
0.841

0.779
0.807

0.809
CH

_D
D

_SF

1.000
0.915

0.981
0.979

0.966
0.959

0.965
0.934

0.962
0.936

0.811
0.964

0.962
0.989

0.965
0.820

0.946
0.920

0.931
0.946

Filte
r_a

v

1.000
0.918

0.927
0.960

0.875
0.963

0.950
0.971

0.944
0.874

0.968
0.973

0.949
0.954

0.776
0.887

0.852
0.860

0.885
Cle

a
r_cTo

F

1.000
0.996

0.969
0.943

0.980
0.926

0.976
0.933

0.783
0.955

0.964
0.976

0.950
0.834

0.980
0.967

0.973
0.979

Cle
a

rW
in

_H
R

1.000
0.969

0.938
0.985

0.922
0.977

0.927
0.772

0.953
0.969

0.978
0.959

0.817
0.985

0.971
0.977

0.983
Cle

a
rSu

m
_cTo

F

1.000
0.942

0.970
0.983

0.983
0.982

0.876
0.986

0.983
0.981

0.968
0.846

0.951
0.911

0.926
0.940

Crip
p

a
W

in
_H

R

1.000
0.912

0.927
0.909

0.920
0.800

0.924
0.912

0.943
0.926

0.903
0.914

0.860
0.885

0.882
M

o
h

r_H
R

1.000
0.936

0.987
0.940

0.813
0.969

0.977
0.977

0.957
0.791

0.960
0.944

0.949
0.963

Crip
p

a
Su

m
_H

R

1.000
0.956

0.997
0.934

0.975
0.955

0.951
0.936

0.852
0.899

0.839
0.862

0.874
N

K_A
n

n
u

a
l

1.000
0.960

0.848
0.980

0.990
0.977

0.968
0.807

0.950
0.928

0.935
0.954

N
K_Sp

r

1.000
0.923

0.973
0.956

0.951
0.933

0.838
0.910

0.853
0.875

0.885
N

K_Su
m

1.000
0.892

0.845
0.832

0.821
0.794

0.731
0.658

0.685
0.712

N
K_A

u
t

1.000
0.978

0.984
0.957

0.818
0.917

0.881
0.892

0.914
B

fire
_n

b
f

1.000
0.983

0.986
0.798

0.941
0.915

0.923
0.944

B
fire

_b
fo

1.000
0.980

0.798
0.945

0.919
0.928

0.945
B

fire
_n

b
fO

N

1.000
0.784

0.924
0.894

0.903
0.926

B
fire

_b
fo

O
N

1.000
0.809

0.749
0.780

0.770
La

n
z_W

in
Q

u
a

d

1.000
0.987

0.995
0.987

M
_CH

_n
sk_H

R

1.000
0.997

0.992
M

_Fa
tB

U
_H

R

1.000
0.991

M
_Le

a
n

B
U

_H
R

1.000
M

_Sa
lm

o
n

_H
R

FC
= fish

 an
d

 ch
ip

s, B
U

=B
u

rgers, SA
 = Sau

sages, EB
= En

glish
 b

reakfast, SA
L = Salm

o
n

, V
E = V

egetab
les, P

O
 = P

o
rk, LA

 = Lam
b

, C
H

 = 
C

h
icken

,   
Filter_av =  A

ve
rage o

f all e
xp

e
rim

en
ts. 

N
D

 = N
o

t d
ilu

ted
, D

D
 = D

ilu
ted

. 
D

F = D
e

ep
 fried

, SF =  Sh
allo

w
 frie

d
. 

V
alu

es h
igh

e
r th

an
 0

.9
5

 are o
n

 b
lu

e an
d

 valu
es lo

w
er th

an
 0

.9
0

 are o
n

 red
. 



 

S10 
 

Table S7 Reference of the external cooking mass spectra used on the comparison. 

ID Reference ID Reference 

Clear_cToF 16
 

Bfire_nbf 

17
 

ClearWin_HR 18
 

Bfire_bfo 

ClearSum_cToF 16
 

Bfire_nbfON 

CrippaWin_HR 19
 

Bfire_bfoON 

Mohr_HR 20
 

Lanz_WinQuad 21
 

CrippaSum_HR 6
 

M_CH_nsk_HR 

22
 

NK_Annual 

23
 

M_FatBU_HR 

NK_Spr M_LeanBU_HR 

NK_Sum M_Salmon_HR 

NK_Aut   
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Chapter 7 

Conclusions 

The work presented in this thesis shows the importance of investigating OA, the 

different types of instruments and models available to the study of their chemical 

composition and sources. In this work, a range of different mass spectrometers (AMS, 

ACSM, CIMS) was used to measure near real-time particle and gas concentrations in 

urban locations (London and Manchester, UK) and in a laboratory-based experiment to 

measure cooking emissions. 

Source apportionment tools were used to identify OA sources in urban 

environments under two types of ambient conditions; long-term measurements (March-

December 2013) at the urban background site, North Kensington, in London, looking at 

OA sources and their seasonal behaviour (Section 6.1). Short-term measurements were 

performed during a special event with high biomass burning emissions in 2014, named 

Bonfire Night (Section 6.2). 

Cooking OA (COA) have been considered as one of the main POA in urban 

environments (Mohr et al. 2012;Yin et al. 2015), yet not completely studied and 

characterised. While other OA sources may have seasonal behaviour, for instance, BBOA 

with high concentrations during winter (Vicente and Alves 2018) and SOA with high 

concentrations during summer (Canonaco et al. 2015), COA concentrations are present 

over the year as a result of inhabitants’ activities, highlighting the importance of 

achieving a better understanding of COA composition. In order to study the chemical 

composition of COA emissions, a laboratory-based study was designed to perform on-

line measurements of the particle and the gas phases (Section 6.3). 
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Source apportionment tools 

PMF and ME-2 source apportionment tools were used, through the SoFi interphase 

(Canonaco et al. 2013), to deconvolve OA sources. When performing source 

apportionment to long datasets, it resulted better to run ME-2 for short periods of time, 

performing seasonal analysis. Other possible approaches to analyse the data involve 

dividing the dataset based on different pollutant events or meteorological conditions 

(Wang et al. 2017b;Reyes-Villegas et al. 2017). It is worth to highlight the importance of 

using different target profiles and a values to analyse a number of possible solutions. The 

strategy proposed here, which was used in Section 6.1 and Section 6.2, proved to be an 

effective way to objectively explore the solution space. The trilinear analysis was used to 

compare different solutions provided additional information such as diesel/petrol 

contribution to HOA concentrations in the North Kensington site, London. 

Both models presented a good performance for long-term and seasonal analysis, 

with ME-2 showing a better performance than PMF. However, both models struggled to 

deconvolve OA sources when analysing a special event with high biomass burning 

emissions. In this special event, the best way to perform OA source apportionment was 

to run PMF/ME-2 to the period before and after Bonfire Night and using BBOA, HOA 

and COA mass spectra from this period to constrain solutions when analysing the 

Bonfire Night event. However, it was not able to completely separate OA sources, 

showing COA, HOA and SVOOA mixed with BBOA. While ME-2 was not been able to 

completely deconvolve BBOA concentrations, it was capable of identifying BBOA trend 

over the Bonfire Night event, which is corroborated by the good correlation with the 

absorption coefficient for wood burning (babs_470wb r2 = 0.88). 

Mass spectrometers and their performance to study OA sources 

Different types of mass spectrometers were deployed in this work. An ACSM during the 

long-term measurements in North Kensington, London; the cToF-AMS and HR-ToF-

CIMS during Bonfire Night 2014 in Manchester, UK; the HR-ToF-AMS and the 
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FIGAERO-HR-ToF-CIMS in a laboratory-based study to characterise COA and their 

relationship with gases.  

Ambient measurements provided high time-resolution of OA sources, which provided 

the opportunity to study their seasonal behaviour. The ACSM presented a good 

performance, providing 30 minute concentrations of submicron non-refractory aerosols 

over the 10 months of the sampling campaign. Primary OA presented high 

concentrations in autumn and secondary OA high concentrations in summer. A cToF-

AMS and a HR-ToF-CIMS were deployed during the Bonfire Night measurement 

campaign, which presented high biomass burning emissions, being possible to study 

night-time OA sources and processes. An emphasis on nitrogen chemistry was placed 

and it was possible to identify primary and secondary contributions of particulate 

organic oxides of nitrogen (PON). While the method of Farmer et al. (2010) to identify 

PON was proposed to be used with HR-ToF-AMS measurements, here it was 

demonstrated that this method could be applied to cToF-AMS data measured in this 

study, after proving low CH2O+ and mineral nitrate interferences.  

The HR-ToF-CIMS provided additional information to the AMS analysis, by 

determining biomass burning tracers. High correlations (r2) were observed with BBOA 

and Hydrogen cyanide (0.76), propionic acid (0.85), nitrous acid (0.86), Acrylic acid (0.90) 

and methacrylic acid (0.92), which have been previously determined as biomass burning 

tracers (Veres et al. 2010;Le Breton et al. 2013). The HR-ToF-CIMS resulted to be a 

fundamental tool to identify the nature of PON obtained from the AMS-PMF analysis. 

During the Bonfire Night event, primary PON showed high r2 values with 

Dimethylformamide (0.63), Methylformamide (0.65) and hydrogen cyanide (0.77), gases 

that have been related to combustion processes (Borduas et al. 2015) while secondary 

PON showed low correlations with ClNO2 (0.52). ClNO2 is known to be produced from 

secondary reactions (Bannan et al. 2015). During the episode with low aerosol 

concentrations, high correlations were observed between ClNO2 and LVOOA (0.67) and 

sPON (0.74) proving their secondary origin. 

 The laboratory-based measurements, using the FIGAERO-HR-ToF-CIMS 

provided a chemical characterisation of particles and gases from different types of food. 



65 
 
 

This instrument presents a soft ionisation; hence, it was possible to obtain molecular 

information of both particles and gases, which provides additional information to AMS-

PMF analysis in order to further investigate OA sources. The calibration using 

levoglucosan, for particle phase calibration, and formic acid, for gas phase calibration, 

provided qualitative analysis, with it possible to compare with AMS total OA 

concentrations. The fact FIGAERO identified ~80% of OA measured by the AMS agrees 

with previous studies. For instance, Lopez-Hilfiker et al. (2015) determined FIGAERO 

aersol concentrations accounted for 25%-50% of OA measure by the AMS. Stark et al. 

(2017) concluded the total acid aerosol concentration measured with a FIGAERO 

represented about 50% of AMS D'Ambro et al. (2017) identified compounds with six or 

more carbons contributed 25% to the total OA-AMS.  

OA sources and new findings 

Different primary and secondary organic aerosol sources were identified. Primary 

sources are biomass burning OA (BBOA), hydrocarbon-like OA (HOA) and cooking OA 

(COA), primary particulate organic oxides of nitrogen (pPON). Secondary OA sources 

include semi-volatile OA (SVOOA), low volatility OA (LVOOA) and secondary 

particulate organic oxides of nitrogen (sPON). It was possible to observe daily trends in 

OA sources such as HOA, with the possibility of identifying heavy-duty and light-duty 

diesel contributions to HOA (HDD and LDD, respectively). The highest contributor to 

HOA concentrations was found to be LDD. Hence, LDD should be targeted in order to 

reduce HOA concentrations during weekdays. 

When comparing PON concentrations with babs470wb, BBOA and LVOOA, results 

suggest that pPON absorbed at wavelength 470 nm during Bonfire Night and LVOOA 

absorbed at wavelength 470 nm during the period identified with high SOA. sPON did 

not absorb at wavelength 470 nm. It has been previously identified brown carbon to be 

absorbing light near the UV region (Bones et al. 2010;Saleh et al. 2014) and PON has been 

identified to be a potential contributor to brown carbon (Mohr et al. 2013). These findings 

with pPON and LVOOA absorbing light at 470 nm will impact on Aethalometer model 

studies, and the babs_470wb should be corrected from SOA interferences. 
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A better understanding of COA was accomplished by cooking different types of food in 

a laboratory-based experiment measuring particles and gases in near-real time. Dilution 

showed to have an important effect on food cooking experiments, varying G/P ratios and 

increasing the O:C ratios. Hence, future studies on identifying food cooking markers 

should be performed with diluting samples to better simulate ambient conditions. 

Future studies should also include chamber experiments in dark and light conditions to 

get a better understanding of food cooking emissions and their processing in the 

atmosphere. 

Moreover, it was possible to determine an overestimation of OA-AMS 

concentrations compared to SMPS measurements. It was determined that this 

overestimation was explained by a higher relative ionisation of OA (RIEOA) produced 

from the rapeseed oil emissions, with a RIEOA value of around 3 rather than the typical 

value of 1.4 (Alfarra et al. 2004). This overestimation would have implications on the 

analysis performed in Papers 1 (Section 6.1) and 2 (Section 6.2). For instance, in the 

trilinear regression analysis of NOx and POA (Section 6.1-Figure 3a), the COA slope is 

slightly higher than unity, when COA is not necessarily related to NOx emissions. This is 

more noticeable during the summer period with even the COA slope higher than the 

BBOA slope. If COA concentrations were corrected with the RIECOA = 3, COA slopes 

would decrease tending towards zero. Moreover, the COA contribution to PM1 

composition for the long-term measurements was found to be 8%, this value will 

decrease when using the correct RIECOA value and the COA concentrations will decrease 

by around 50% of the calculated concentrations. 
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Target profiles and food cooking markers 

The importance of using adequate mass spectra as target profiles when performing 

source apportionment with ME-2 has been already stated (Canonaco et al. 2013;Crippa et 

al. 2014).  In this work, mass spectra of OA sources were generated in three different 

environments to be used in future OA source apportionment. An urban-background site 

in North Kensington, London, where a seasonal analysis (spring, summer and autumn) 

produced mass spectra for BBOA, HOA, COA, SVOOA, LVOOA (Section 6.1). However, 

it has been previously mentioned that is not a good practice to constrain SOA as they 

evolve in completely different ways from one site to another one. Hence, SVOOA and 

LVOOA must never be constrained when performing OA source apportionment. 

One more ambient study was performed during a special nocturnal event with 

high biomass burning emissions in Manchester, 2014, named Bonfire Night (Section 6.2). 

Here, different sets of target profiles were generated. One set of target profiles (BBOA, 

HOA and COA) from the period before and after Bonfire Night and another set of target 

profiles (BBOA, HOA, COA, sPON and pPON) generated during the Bonfire Night 

event. The first set of target profiles represents typical mass spectra of Manchester 

during Autumn-Winter period. The second set of target profiles should be used with 

caution if it is going to be used in future source apportionments. It was possible to 

observe that, due to the high aerosols emitted from burning biomass, BBOA 

concentrations were mixed with HOA and COA. This mixing  of OA concentrations was 

observed by the high concentrations of these sources HOA and COA during the Bonfire 

Night event, even when their mass spectra did not show apparent mixing, for instance, 

each mass spectrum presented their characteristic peaks and peaks from one mass 

spectrum were not present on another one. A wider range of a values should be used 

when using mass spectra generated during the Bonfire Night as target profiles.  

A large set of target profiles from food cooking organic aerosols (COA) was 

generated in a laboratory-based study. This study included different types of cooking 

methods such as deep-frying and shallow frying and a range of foods including English 
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breakfast, fish and chips and a variety of meat and vegetables, both with diluted and 

non-diluted experiments. In general, a significant variation was not observed between 

the different types of food with uncentered Pearson values (ru) between 0.876-0.999. The 

mass spectra from this laboratory study correlated well with COA mass spectra obtained 

from the studies performed in London (Section 6.1) and Manchester (Section 6.2), with ru 

values of 0.934 for the 10 month analysis in London and 0.989 for the analysis performed 

before and after Bonfire Night in Manchester. However, slightly lower ru values were 

observed both when doing the seasonal analysis (0.811-0.962) and when analysing the 

Bonfire Night event (0.962), which highlights two important observations when doing 

source apportionment, first the importance of performing seasonal source 

apportionment and second to be cautious when analysing short periods with high 

aerosol concentrations. 

However, these high uncentered Pearson values, obtained when comparing with 

mass spectra from previous studies, suggest COA mass spectra represent a stable mass 

spectrum despite corresponding concentrations mixing with other sources, still 

generating a clear COA mass spectrum.  

It is here where the use of the FIGAERO-HR-ToF-CIMS measurements provided 

additional information to be used to better deconvolve COA concentrations (Paper 3). 

The FIGAERO-HR-ToF-CIMS identified several cooking markers both on gas (Organic 

acis: isocyanic, formic, acrylic, propionic, hydroxypropionic, malonic, hexanoic and 

adipic) and particle phases (dicarboxylic acids: succinic, glutaric, pimelic, suberic, 

azelaic, sebacic, dodecanedioic and carboxylic acids: palmitic, margaric, linoleic and 

oleic). While these species have been previously identified as cooking markers, mainly in 

the particle phase, a wide variability has been observed on the gas-particle ratios (G/P), 

with different G/P ratios over different types of food and cooking methods. Moreover, an 

effect of dilution on semi-volatility was observed, with diluted samples showing a 

higher G/P ratio, probably resulting from dilution facilitating low volatility gases to 

remain in gas phase. Hence, these markers should be used carefully as their contribution 

to gas and particle concentrations may vary. 
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7.1 Closing remarks and future work 

This work presents an extensive analysis of OA sources and composition in different 

urban environment conditions and a laboratory-based experiment. Ambient studies 

proved POA to represent a high contribution to total OA concentrations, principally 

during the special event Bonfire Night, where BBOA dominated OA concentrations. 

Different POA and SOA sources were identified from ambient data using ME-2 

factorisation tool from OA-AMS measurements. Long-term measurements in London 

allowed the analysis of OA seasonality and Bonfire Night in Manchester allowed the 

study of OA sources in a nocturnal environment with high biomass burning 

concentrations. It was possible to determine particulate oxygenated organic nitrogen 

concentrations, their nature and their absorbing properties in the UV region. A series of 

mass spectra were generated to be used in future studies as target profiles. 

ME-2 factorisation tool was found to perform better than PMF; however, both 

PMF and ME-2 struggled to completely separate OA sources during Bonfire Night with 

BBOA mixed with the other OA sources. From the source apportionment performed on 

the ambient datasets, London and Manchester, it was possible to develop a strategy to 

more objectively determine the optimal solution that deconvolves OA sources. While 

this study involved looking at the seasonal behaviour of the long-term measurements, 

further work will involve testing the ME-2 response analysing the datasets sorted 

according to other parameters, for instance, different temperatures, wind parameters, 

and events with high/low aerosol concentrations. 

London is a megacity where spatial variation of OA sources is expected. The 

results presented in this work were collected at North Kensington, an urban-background 

site, using an ACSM. To my knowledge, this instrument has been operating at this site 

since it was first deployed in 2013 (with a few interruptions during maintenance or when 

was used in other sites for short periods). Another ACSM has been deployed 

periodically at the kerbside site in Marylebone. Further simultaneous analysis at 

different sites in London, for long periods will give a better characterisation of OA 

sources.  



70 
 
 

The laboratory-based study allowed a more complete characterisation of COA. When 

comparing the AMS mass spectra obtained in the laboratory-based experiment with the 

mass spectra from the studies at London (Section 6.1) and Manchester (Section 6.2), high 

correlations were observed. This suggests that no significant changes in COA 

quantification would be observed if the mass spectra generated in this laboratory-based 

study were used as target profiles in the London dataset. However, the RIECOA ≈ 3 

obtained from the laboratory-based study of COA, which was found to overestimate 

COA concentrations typically calculated using an RIEOA =1.7, will decrease the COA 

concentrations determined in London by approximately 50% (in summary, OA 

quantification involves, among other parameters, dividing the AMS raw signal by the 

RIEOA, which means the higher the RIEOA the lower the OA concentration).   

The COA overestimation will affect the COA concentrations and contribution to 

total OA concentrations. For instance, Figure 6 in section 6.1 shows COA contributed 8% 

to OA concentrations, which corresponded to 0.42 μg·m-3, after scaling the COA 

concentrations by 50%, taking into consideration the RIECOA of 3 rather than the typical 

RIEOA of 1.7, an average COA concentration of 0.21 μg·m-3 that corresponds to a 4.1% of 

total OA concentrations is estimated. While in this case, there is not a major impact on 

the COA contribution to OA concentrations, it is suggested that further ambient studies 

of COA concentrations take into account the variability of RIECOA and scale the 

concentrations accordingly.  

A wide range of OA-AMS mass spectra has been generated in previous studies 

with data sets stored in a website created by the University of Colorado 

(http://cires1.colorado.edu/jimenez-group/AMSsd/, accessed: 12/12/2017). However, an 

increased number of studies have been performed identifying new sources. Hence, more 

efforts should be aimed to collect and categorise all this new information. Moreover, 

further studies should be aimed at generating mass spectra representative of different 

environmental conditions and monitoring sites, working together with scientific 

communities from other countries to share their experience in order to gain a broader 

perspective of OA source apportionment. This can be achieved with projects such as the 

e-COST action: Chemical On-Line cOmpoSition and Source Apportionment of fine 

http://cires1.colorado.edu/jimenez-group/AMSsd/
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aerosol (COLOSSAL) action (http://www.cost.eu/COST_Actions/ca/CA16109, accessed: 

12/12/2017), of which I am an active member and aims to harmonise aerosol source 

apportionment approaches and methodologies around Europe.  

The CIMS proved to be a useful instrument that provides additional information 

to improve OA source apportionment. However, further efforts should be aimed to 

perform source apportionment to CIMS data using ME-2. This will certainly increase our 

understanding of sources of gases and their relationship with OA sources, in particular, 

with the secondary organic aerosols. The FIGAERO-CIMS instrumentation provides 

fundamental information, being possible to identify markers in the gas and particle 

phases. While it was possible to identify approximately 80% of the AMS mass 

concentration, the FIGAERO-CIMS analysis performed in the laboratory-based 

experiment with food cooking emissions is considered to be qualitative, as the 

calibration was performed using only Levoglucosan. Further studies should perform 

extensive calibrations of the FIGAERO-CIMS in order to obtain a quantitative analysis. 

The long-term OA source apportionment, together with aerosol concentrations 

and chemical composition during Bonfire Night provide invaluable information to 

understand better aerosol processes and sources in urban environments. The particle and 

gas markers obtained from the laboratory-based food cooking experiment can be used to 

improve models and would be key information to support the future addition of PM1 to 

inventories. These findings can be used to carry out health studies and for decision 

makers to create policies aiming to improve the air quality in urban environments. 
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