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Abstract

Solid fuel emissions, including those from biomass burning, are increasing in urban areas
across the European Union due to rising energy costs and government incentives to use
renewable energy sources for heating. In order to help protect human health as well as to
improve air quality and pollution abatement strategies, the sources of combustion aerosols,
their contributions, and the processes they undergo need to be better understood. A high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) was therefore deployed
at an urban background site between January and February 2012 to investigate solid fuel
organic aerosols (SFOA) in London. The variability of SFOA was examined and the factors

governing the split between the two SFOA factors derived from Positive Matrix Factorisation
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(PMF) were assessed. The concentrations of both factors were found to increase during the
night and during cold periods, consistent with domestic space heating activities. The split
between the two factors is likely governed predominantly by differences in burn conditions
where SFOA1 best represents more efficient burns and SFOA2 best represents less efficient
burns. The differences in efficiency may be due to burner types or burn phase, for example.
Different fuel types and levels of atmospheric processing also likely contribute to the two
factors. As the mass spectral profile of SFOA is highly variable, the findings from this study
may have implications for improving future source apportionment and factorisation analyses.
During the winter, SFOA was found to contribute 38% to the total submicron organic aerosol
(OA) mass, with similar contributions from both SFOA factors (20% from SFOA1 and 18%
from SFOAZ2). A similar contribution of SFOA was derived for the same period from
compact time-of-flight AMS (cToF-AMS), which measured for a full calendar year at the
same site. The seasonality of SFOA was investigated using the year-long data set where
concentrations were greatest in the autumn and winter. During the summer, SFOA
contributed 11% to the organic fraction, where emissions resulted from different
anthropogenic activities such as barbecues and domestic garden wood burning. The
significant contribution of SFOA to total organic mass throughout the year suggests that the
negative effects on health and air quality, as well as climate, are not just confined to winter as
exposure to these aerosols and the associated black carbon can also occur during the summer,
which may have significant implications for air-quality policies and mitigation strategies.

1 Introduction

The association between adverse health effects and ambient particles has long been
recognised (e.g. Pope and Dockery, 2006), where regulations on particulate pollution are
based on PM;o and more recently, PM, 5 (particulate matter (PM) with aerodynamic dynamic
diameters less than 10 um and 2.5 um respectively, European Union, 2008). Along with
PM,s, PM; is also receiving greater attention from the air quality community, including the
medical sector, as these particles can penetrate more deeply in to the lungs. Particles less than
100nm in diameter, termed nanoparticles, have the potential to enter the blood stream where
they can be distributed throughout the body, causing further damage (Oberddrster et al.,
2005). Furthermore, particle toxicity varies greatly with chemical composition, with smaller

particles likely to be most detrimental to human health as they are typically composed of
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toxic constituents such as organics, secondary inorganics, and metals (Donaldson et al.,
2003).

In addition to their effects on health, aerosol emissions from anthropogenic activities
significantly contribute to poor air quality and visibility, frequently resulting in severe
pollution events, particularly in urban areas (e.g. Dall’Osto et al., 2013; Zhang et al., 2014).
Organic aerosols (OA) are of particular interest as they can often represent a substantial
fraction, and up to 90%, of total fine particulate mass depending on location (Kanakidou et
al., 2005). In urban areas such as Paris and Cork during the winter, organic aerosols have
been found to contribute 30-62% to the total non-refractory PM; (NR-PMj, Crippa et al.,
2013; Dall’Osto et al., 2013; Young et al., 2014). Furthermore, meteorological conditions and
boundary layer dynamics in the winter result in elevated concentrations of the primary
fraction of OA, resulting in pollution events (Zhang et al., 2007). When the sources of
primary organic aerosols (POA) are explored, transport, cooking, and solid fuel burning
aerosols are found to contribute significantly to the total POA mass in urban areas (Allan et
al., 2010; Mohr et al., 2012; Crippa et al., 2013; Dall’Osto et al., 2013).

Sources of combustion aerosols are frequently categorised into solid fuel, biofuel, biomass
burning, and fossil fuel where solid fuel includes various types of solid material such as
wood, coal, and peat, whereas biofuel refers to a solid, liquid, or gaseous fuel converted from
biomass (e.g. Bond et al., 2004). Biomass burning often refers to wildfires and agricultural
burning and fossil fuel includes coal or gas and is a natural fuel formed in the geological past
from the remains of living organisms. It is important to make the distinction between the
types of burning when identifying anthropogenic and biogenic sources of combustion
aerosols and assessing the importance of emissions from the different sources due to their
effects on air quality, health, and climate (Szidat et al., 2006). Appropriate measures can then
be taken to target specific sources to reduce emissions and address other abatement strategies,
for example.

Particulate emissions from burning biomass, wood, and coal as well as other fossil fuel
combustion related activities such as vehicular transport, industry, and residential space
heating are particularly important in terms of contributing to poor air quality. In the United
Kingdom (UK) various legislative measures have been implemented to reduce emissions
from such activities; the Low Emission Zone (LEZ; TfL, 2008), introduced across most of

Greater London in 2008, aims to encourage cleaner transportation by reducing exhaust
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emissions from heavy diesel vehicles. The burning of coal by industry and domestic heating
resulted in significant pollution events such as the Great Smog of 1952 in London, with coal
combustion still playing a key role in wintertime pollution in China, contributing 15-17% to
NR-PM; (Sun et al., 2013; Zhang et al., 2014). Although still important, emissions from coal
burning in the UK have decreased owing to the Clean Air Acts, where Smoke Control Areas
were also introduced across the country. Only the burning of smokeless fuels is permitted in
such areas, although some fuels, including seasoned wood, may be burned if carried out in
approved burners (Defra, 2014). Wood burning is widely used in domestic heating across
Europe (e.g. Finland, Hellén et al., 2008; Austria, Caseiro et al., 2009; Portugal, Borrego et
al.,, 2010) with additional fuel types used in cooking stoves across the world (e.g.
Washington, Maykut et al., 2003; China, Peabody et al., 2005) and is further suggested to be
used within the UK as a source of secondary heating as well as for decoration (Fuller et al.,
2014).

The LEZ and Smoke Control Areas have largely been successful, with reduced emissions in
London from transport and smoke. However, a recent study (Fuller et al., 2013) suggested
that such legislative measures may no longer be effective, with evidence of wood burning and
solid fuel identified as a potential source of OA in many European cities (e.g. Oslo, Yittri et
al., 2005; London, Allan et al., 2010; Barcelona, Mohr et al., 2012; Paris, Crippa et al., 2013;
Cork, Dall’Osto et al., 2013). Burning in residential areas is difficult to control and with
rising fossil fuel prices and government schemes encouraging the use of renewable energy
sources such as biomass, emissions from solid fuel and wood burning are likely to increase
over the coming years (Fuller et al., 2013). In Denmark, Glasius et al. (2006) found that
increasing fossil fuel costs partly contributed to the doubling in wood-combustion stoves and
boilers within a ten year period, a time when there were no regulations on the emissions from

such activities.

Black carbon (BC) is strongly associated with combustion emissions, where the dominant
source is from traffic emissions, although solid fuel and biomass burning sources have also
been found to be important during the winter (Crilley et al., 2014; Liu et al., 2014). Wood
burning emissions could be considered to be as important as traffic related emissions in terms
of their contribution to POA (Ries et al., 2009; Fuller et al., 2014), where the latter are more
stringently regulated. As exposure to aerosols is ubiquitous, it is important to understand

aerosol sources, with better quantification of their concentrations to assess their role in
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pollution events and potential impacts to better inform abatement policies and strategies.
Furthermore, as the contribution of solid fuel and other primary organic aerosols to the total
aerosol loading is increasing, there are significant implications on human health (Bglling et
al., 2009), air quality, and climate.

The sources and contributions of combustion aerosols in London have been investigated as
part of the ClearfLo project using various methods where Crilley et al (2014) performed a
multi-site BC comparison using the Aethalometer as well as **C, levoglucosan, and
potassium measurements. Liu et al. (2014) used the single particle soot photometer (SP2) to
characterise BC in London during winter. Furthermore, Mohr et al. (2013) used a micro-
orifice volatilization impactor high-resolution time-of-flight chemical ionization mass
spectrometer (MOVI-HRToF-CIMS) to investigate wood burning. In comparison, in this
paper, we focus on the solid fuel component from positive matrix factorisation of the organic
fraction of aerosol mass spectrometer (AMS) data from ClearfLo, where we investigate the
sources of solid fuel aerosols and their contributions to total mass in a densely populated area.
The high-resolution time-of-flight AMS (HR-ToF-AMS) was deployed for a 4-week
intensive measurement campaign during winter 2012, a time when solid fuel aerosols would
be prominent. Furthermore, a compact time-of-flight AMS (cToF-AMS) was deployed at the
same urban background site in London for a full calendar year (Young et al., 2014), allowing

the temporal trends of submicron aerosols to be evaluated.

2 Experimental

2.1 Sampling site

A suite of state-of-the-art instrumentation, measuring aerosols, gases, radicals and
meteorological parameters was deployed for two major intensive observation periods (IOPs)
during 2012 as part of the NERC funded Clean Air for London (ClearfLo) Project
(www.clearflo.ac.uk). Measurements were conducted in a residential area 7 km to the west of
Central London at the ClearfLo urban background supersite in the grounds of a school in
North Kensington (51.521055 N, 0.213432 W). Long-term measurement campaigns also took
place in various locations in and around London between 2011 and 2013 as part of this large,

multi-institutional collaborative scientific project based in the UK. Details on the ClearfLo
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experimental campaigns and locations are described in Bohnenstengel et al. (2014) and
Young et al. (2014).

2.2 Aerosol Mass Spectrometer measurements

Aerosol chemical composition was measured by the high-resolution time-of-flight AMS (HR-
ToF-AMS, DecCarlo et al., 2006) during January and February 2012 and by the compact time-
of-flight AMS (cToF-AMS, Drewnick et al., 2005) for a full calendar year (11 January 2012
— 23 January 2013). The HR-ToF-AMS was located in a shipping container containing
several other aerosol instruments, where aerosols were sub-sampled from a sampling stack
with a flow of 30 | min™ via a 3.5 um cut-off cyclone. The cToF-AMS sampled through a
PM,s inlet, with a bypass flow of 16 | min™ and split using an asymmetric Y-piece. In this
study, 4 minute averaged data were obtained by the HR-ToF-AMS every 30 minutes, as
sampling occurred in an alternating sequence with other black carbon and aerosol volatility
measurements using a thermodenuder (Huffman et al., 2008). The time resolution of the
cToF-AMS was 5 minutes throughout the measurement period. An overview of the AMS can
be found in Canagaratna et al. (2007), where details regarding the sampling protocol and data
analysis procedures including the applied corrections, such as relative ionisation efficiencies
and collection efficiency, can be found in Young et al. (2014). Details regarding the data pre-
treatment and quality assurance for the data sets used in this study, including for positive
matrix factorisation (PMF) analysis can also be found in Young et al. (2014) and the

supporting information.

2.3 Gas measurements

CO was measured using an Aerolaser AL 5002 UV fluorescence instrument which was
calibrated using an Air Products 200 ppb CO in air standard that was certified to NPL
standards. NO and NO, were measured using an Air Quality Design custom built high
sensitivity Chemiluminesence analyser with a Blue Light NO, converter. The NO instrument
was calibrated using a 5 ppm NO in nitrogen cylinder from BOC, which was diluted to 20
ppb using scrubbed zero air (BOC BTCA 178). The NO; instrument was calibrated using gas
phase titration of the NO standard with Os.
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2.4 Levoglucosan and potassium ion measurements

Twenty four-hour PM,s samples were collected on quartz fibre filters (Whatman QM-A)
using a high volume Digitel DHA-80 sampler at a flow of 500 | min™ and were analysed for
wood smoke marker levoglucosan as described in Young et al. (2014) using a slightly
modified version of the method of Yin et al. (2010) and Wagener et al. (2012).

Water-soluble potassium ion (K") data were obtained using a small portion of the Digitel
filter samples which was extracted with distilled de-ionised water (10 ml) by undergoing 40
minutes mechanical agitation to ensure thorough removal of the water-soluble aerosol. The
resulting solutions were filtered and analysed for K* using a DIONEX ICS-2000 ion
chromatography system coupled with a gradient pump, which generates one eluent from two
different solutions, de-ionised water and concentrated potassium hydroxide solution. The
sample concentrations were calibrated with a series of mixed standards of known

concentration (0.01-10 ppm).

3 Results

3.1 Identification of the components of the organic fraction

As part of PMF analysis one must go through a process to determine the most suitable
number of factors (Ulbrich et al., 2009). Here, we show the steps we took to determine the
number of factors where four main components were identified from PMF analysis on the
organic fraction of the HR-ToF-AMS data from the winter 10P: hydrocarbon-like OA
(HOA), cooking OA (COA), solid fuel OA (SFOA), and oxygenated OA (OOA), where an
additional SFOA factor was identified from the 5-factor solution set. Both the 4- and 5-factor
solution sets produced data that satisfied the selection criteria for the appropriate number of
factors and could be considered valid from various diagnostic tests, which assess the quality
and suitability of the solution. The 6-factor solution was discarded due to its significant
dependency on initialisation seed as well as the production of a factor that did not appear
physically meaningful. The details of the PMF analysis are covered in a separate publication
where we refer the reader to Section 5.1 of the Supplementary Information of Young et al.
(2014) for a detailed discussion on the number of factors chosen from the high resolution data
set and the criteria used to select the best solution. Here we describe the methods used to

choose between the 4- and 5-factor solutions.
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Increasing the number of factors derived from PMF analysis of AMS data often improves
mathematical PMF diagnostics used to select the appropriate solution set. However, the
introduction of a new factor can sometimes result in a phenomenon known as ‘splitting’
(Ulbrich et al., 2009), whereby factors that bear similar temporal and/or mass spectral profiles
are representative of the variations within a single factor. Factors with varying profiles can
manifest within PMF as rotational ambiguity, divergence, or factor mixing. Therefore, the
comparison of retrieved factors with reference mass spectra and time series from ancillary
measurements can determine their physical meaningfulness. This method of factorisation
validation enabled Lanz et al. (2007) to split OOA in to type 1 and type 2, which was the first
time OOAZ2 had been reported in the literature. However, it is not always possible to separate
OOA into its two subtypes if ambient temperature and chemistry are not sufficiently variable
such as in the winter (e.g. Allan et al., 2010). OOAL1 and OOAZ2 are now widely recognised as
representing end members of OOA evolution where OOAL is highly aged with low volatility
and OOAZ2 is less processed and more volatile (e.g. Jimenez et al., 2009; Ng et al., 2010). In
the literature, OOAL and OOAZ2 are often referred to as low volatility oxygenated organic
aerosol (LV-OOA) and semi-volatile oxygenated organic aerosol (SV-OOA), respectively.

Therefore, in order to identify the most atmospherically reasonable solution set and further
investigate the two SFOA factors from the 5-factor solution, comparisons were made with
ancillary measurements. It has been shown that NOy and CO are strongly related to HOA
(Zhang et al., 2005) as they are all emitted from fuel combustion in vehicle engines.
However, traffic activity is not the only source of these gases, which are used as tracers for
combustion. Space heating has been found to be another potential combustion source and
therefore contributes to SFOA (Allan et al., 2010). The Pearson’s r values derived between
the gas tracers and the SFOA factor from the 4-factor solution (hereon in termed SFOA-4fac)
are shown in Table 1. When the two SFOA factors from the 5-factor solution (SFOA-
combined) are summed and compared to the gas tracers the Pearson’s r values are better than
those for SFOA-4fac. However, as both traffic and domestic fuel burning from space heating
contribute to CO and NOy concentrations a multi-linear regression fit as detailed in Allan et
al. (2010) was performed to assess the relative contributions of traffic (HOA) and wood
burning (SFOA) to these trace gases.

Fitting was performed according to the function:
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F(HOA, SFOA) = A[HOA] + B[SFOA] + C 1)

where [HOA] and [SFOA] are the predictor variables and are concentrations of the HOA and
SFOA PMF factors. A, B, and C are fitting parameters optimised to minimise the squared
difference between f (HOA, SFOA) and NOy or CO, where NOx and CO are the response
variables. This multi-linear regression fit was performed on the HOA and SFOA factors from
the 4-factor solution and the HOA and combined SFOA factors from the 5-factor solution.
Using the multi-linear regression fit, the CO and NOXx concentrations were estimated and
subsequently compared to the measured trace gas concentrations. A Pearson’s r value could
then be obtained and compared to the r values from the linear regression. The Pearson’s r
values derived between the PMF factors and combustion tracers are shown in Table 1.
Including both sources in this way significantly improves the correlations with the gas tracers
for both sets of solutions. However, there is little difference between the regression fit r
values for the two solution sets with the 4-factor solution showing a very slightly greater
correlation with NOy than the 5-factor solution. An additional multi-linear regression fit was
performed with SFOAL and SFOA2 as separate predictor variables, similar to the method
used by Liu et al. (2014). The Pearson’s r values are shown in Table 1. The correlations for

both CO and NOjy are improved when the two factors are included as separate variables.

Overall there is little difference between the SFOA derived in the 4-factor solution to the
combined factor from the 5-factor solution, so both could be valid solution sets. However,
because the 5-factor solution with the two SFOA factors combined gave improvements to
diagnostics such as Q/Qexpected (4.375 compared to 4.7764 for the 4-factor solution) and
correlations with ancillary data (see Section 5.1.4 in the Supplementary Information for
Young et al. (2014) for details), it was deemed that the 5-factor solution with the split SFOA

factors was the most appropriate so is used in further analyses.

3.2 Temporal variations and trends of the organic components

The time series, average contributions to total organic mass, and diurnal profiles of all 5
factors identified from PMF analysis of the HR-ToF-AMS are shown in Figure 1. The
organic fraction is dominated by the POA components (78%) with the remainder comprising
OOA. The contributions of HOA, COA, SFOAL, and SFOAZ2 to the total organic mass are
nearly equal (19%, 21%, 18%, and 20%, respectively). When combined, the SFOA factors

represent the largest contribution to the organic fraction of NR-PM; in the winter in London.
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The average (+ standard deviation) HOA concentration during the winter was 0.83 (+1.37) ug
m, with a maximum concentration of 24.5 ug m™ measured on 16 January. This is the
largest HOA event as well as the greatest concentration measured for all factors during the
winter measurement period. As HOA is related to traffic emissions, this event could be the
result of a vehicle parked close to the site with its engine running. However, there is no
record of a parked vehicle at this time, thus the event cannot be justifiable removed from the
data set. The diurnal profile of HOA only exhibits one main peak in concentration at 10:00
UTC, although there is possibly a broad peak between 16:00 and 23:00 where concentrations
are approximately two-thirds that of the morning peak. These peaks are associated with rush
hours in London.

COA had a mean concentration of 0.88 (+1.73) pg m™ and a peak in concentration of 18.3 g
m™ on 14 January. COA exhibits the most pronounced diurnal profile of all the factors, with a
peak in concentrations between 20:00 and 22:00, and a smaller peak at 14:00, both associated
with meal times. The timing of the evening peak is more likely associated with commercial
activities than domestic meal times in the UK.

The average SFOAL1 concentration was 0.75 (+0.98) pg m™ with a maximum concentration
of 8.0 pg m™ measured on 17 January. SFOAL exhibits a relatively smooth diurnal profile
with greater concentrations during the night compared to the day. In contrast, the average
concentration SFOA2 was 0.86 (+0.77) pg m™ and peaked on 14 January, with a
concentration of 5.2 pg m™. The diurnal profile of SFOAZ2 is similar to SFOA1 with greater
concentrations during the night, but SFOA2 also exhibits a small peak in concentrations
between 10:00 and 11:00.

Finally, the mean concentration of OOA was 0.93 (+1.11) pg m™ and peaked on 31 January
with a concentration of 5.4 pg m™. OOA does not exhibit a discernable diurnal pattern, which

is consistent with it representing a regional, oxygenated aerosol.

4 Investigating the SFOA factors

In this paper, we investigate the behaviour of the solid fuel component of the organic fraction
including the differences between the two SFOA factors from the HR-ToF-AMS for the
winter 10P as well as the annual and seasonal trends of SFOA using the factors from the

cToF-AMS. Details of the PMF analysis of both data sets are covered in a separate
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publication, where the annual behaviour of the secondary inorganic and organic aerosols is
also investigated (Young et al., 2014).

Both SFOA1 and SFOAZ2 increase in concentration during the night (Fig. 1), as well as
during the colder periods of the campaign (Fig. 2), which is consistent with them being
associated with space heating activities. In addition to anthropogenic activities, there is
reduced mixing in the boundary layer during the winter and therefore less dispersion,
resulting in increased levels of aerosols. Other dynamical effects, such as episodic wintertime
inversions, also play a role in driving changes in concentrations whereby local pollution is
trapped resulting in a build-up of pollution (Martin et al., 2011). Such influences are evident
during the winter of 2012 where the concentrations of all factors increase simultaneously in

some events.

4.1 Role of air mass history

Advected pollution can also affect aerosol concentrations (e.g. Young et al., 2014). Liu et al.
(2014) considered the influence of air mass history on black carbon concentrations in London
during the winter including the influence of solid fuel burning sources in different air masses,
as black carbon in their study is produced from combustion processes. Increases in black
carbon mass were primarily coincident with easterly air masses. Here, the concentrations of
the two SFOA factors were investigated as a function of wind speed and direction to
determine whether different sources in terms of spatial locations are governing the split
between the two factors. Polar plots are used to explore spatial differences in the
concentrations of SFOAL and SFOA2 and are shown in Figure 3. The wind data used in these
plots are from the meteorological station at Heathrow airport rather than local meteorological
data as the latter are strongly influenced by surrounding buildings (e.g. Bigi and Harrison,
2010) thus do not provide representative insight in to spatial differences in the SFOA
concentrations. The greatest SFOAL concentrations are in the south, whereas the greatest
SFOAZ2 concentrations are in the east and west and occur at slightly lower wind speeds
compared to SFOAL.

4.2 Investigating the behaviour of SFOA

The composition of biomass burning and solid fuel OA, and therefore the mass spectra, are

not constant (DeCarlo et al., 2010); they vary due to different combustion types, fuel types,
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and levels of processing. This is consistent with changes in composition measured by various
techniques (e.g. Schauer et al., 1996). Weimer et al. (2008) suggest that the mass spectral
signature of wood burning is influenced more by the burning conditions than the fuel type.
Crippa et al. (2014) also recommend that in factorisation analyses using the multilinear
engine ME-2, mass spectra representative of typical burning conditions for a particular
measurement site should be used if they are known. In this study, a combination of these
variables may govern the split in to the two SFOA factors, where several different fuel types
may also be contributing to the two SFOA factors identified in this study, so they are classed
more generally as solid fuel OA as opposed to biomass burning OA (BBOA).

The high variability of the SFOA mass spectral profile has been identified in many studies
(Weimer et al., 2008; Grieshop, et al., 2009) including those where factor analysis and
apportionment techniques have been applied (DeCarlo et al., 2010; Ng et al., 2011; Crippa et
al., 2013, 2014). Some markers frequently used to identify biomass and solid fuel burning
aerosols may not always be appropriate depending on the measurement conditions (DeCarlo
et al., 2010; Hennigan et al. 2010) including ambient temperatures, duration of the
measurements, and other sources of OA such as cooking (Mohr et al., 2009). Furthermore,
BBOA evolves in the atmosphere through oxidation, whereby aged biomass burning aerosols
have mass spectra similar to that of fulvic acid, used to represent highly oxidised OA with a
large signal at m/z 44 (Capes et al., 2008; Grieshop et al., 2009; DeCarlo et al., 2010;
Cubison et al, 2011; Lack et al., 2013). Consequently, it can sometimes be difficult to
determine from the mass spectra and time series derived from PMF alone whether a factor
represents primary SFOA, processed primary SFOA, SOA formed from SFOA, or a mixture
of SFOA and OOA which are co-emitted (e.g. Crippa et al., 2013). Therefore, various metrics
and graphical representations of the data are used in order to better interpret and characterise
combustion related aerosols, where additional measurements support and improve
interpretations.

In this study, the two SFOA factors are correlated in time (Fig. 2) whereby, although
differing in magnitude, most of the high concentration events for both factors occur during
the same period, although not necessarily simultaneously such as on 17 January. The two
factors are therefore linked but as the chemical profile changes with time the two factors
represent the range of variability of SFOA composition. The two SFOA factors differ by way
of diurnal variation (Fig. 1c inset) as well as chemical composition (Fig. 4). The mass spectra
of SFOAL and SFOAZ2 exhibit the typical peaks used as BBOA tracers at m/zs 60 and 73
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(Alfarra et al., 2007) and compare very strongly with reference mass spectra (Pearson’s r of
0.94 and 0.88, respectively; BBOA, Ng et al., 2011). Although both factors comprise several
similar peaks, such as at m/z 43 (CsH;", C,H30%), 55 (C4H;", CsH30™), 57 (C4Hy", CsHs0™),
60 (C,H40,%), and 73 (C3Hs0,"), SFOAL also has a greater signal at m/z 44. Furthermore,
SFOAL also comprises more oxygenated compounds than SFOA2.

The difference in the mass spectra (MS) of the two factors highlights the variation within
SFOA, which likely led to the derivation of a split factor by the PMF algorithm. The main
chemical differences between the two factors are shown in the difference MS in Fig. 4, where
the chemical groups appear to be affected differently by what is driving the split between the
factors. .Therefore, to better understand these differences the roles of atmospheric processing,
fuel type, and burn conditions, including burn phase, in varying the MS of SFOA and their
influences in governing the split into two factors are investigated in the following sections.

4.2.1 Role of atmospheric processing

Analogous to OOA, the two SFOA factors derived from PMF analysis in this study may also
represent end members of a continuum, where conditions during the winter enable the
separation of SFOA into the two factors. The O:C ratio can be used to indicate the degree of
oxygenation and level of processing the aerosols have undergone. Here, the O:C ratio is
based on the algorithms described in Aiken et al. (2007, 2008) and is 0.41 for SFOAL,
whereas for SFOA2 it is 0.15 and 0.53 for OOA. This suggests that SFOA1 and SFOA2
differ by degree of oxygenation, which could hypothetically be a function of age, whereby
SFOAL is more processed than SFOA2. However, the type and phase of combustion can also
affect the signal at m/z 44. Increases in f4, are typically found to coincide with decreases in
feo (e.g. Cubison et al., 2011) (the ratio of the organic signal at m/z 60 to the total organic
signal in the component mass spectrum) from oxidative decay of species such as
levoglucosan. The fgo vs. f44 space (Cubison et al., 2011) is therefore used to characterise the
evolution of biomass burning aerosols, with data from many studies exhibiting a negative
correlation between f44 and fg, (Cubison et al., 2011; Ortega et al., 2013; Jolleys et al.,
2014a). If the two SFOA factors represented different levels of processing of the same fuel
type under similar conditions then SFOA1 would be expected to have higher f44 and lower fgo
compared SFOAZ2. Figure 5 shows how the two SFOA factors map in the fy4 vs. fgo Space,
with SFOAL exhibiting higher fso as well as fs4 compared to SFOAL. From this, it can be

inferred that the other factors such as differences in fuel types or burn conditions are also
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contributing to governing the split between the two factors rather than just differences in the

degree of atmospheric processing.

4.2.2 Role of fuel type

In the latest National Atmospheric Emissions Inventory from 2011, wood was the largest
contributor to PM; emissions from domestic combustion activities in the UK (51%, NAEI,
2014), followed by coal (31%) with only small contributions from natural gas (9%) and peat
(2%). In a recent study in Cork, Ireland (Dall’Osto et al., 2013) a peat and coal OA factor was
identified from PMF analysis of ambient data, with mass spectra of wood, peat, and coal
combustion obtained from laboratory experiments. However, due to the high variability of
AMS mass spectra of biomass burning and solid fuel aerosols as mentioned previously,
comparisons with other ancillary measurements and apportionment techniques are required to
determine the role of fuel type on governing the split between the two SFOA factors.

Along with anhydrous sugars such as levoglucosan and mannosan, chloride is used as a tracer
for biomass burning (Dall’Osto et al., 2013) as well as for coal combustion (Sun et al., 2013);
contributions of chloride from coal have been found to be greater than that from wood
(Zhang et al., 2012). However, a comparison of the sum of the SFOA factors with potential
sources from Chemical Mass Balance (CMB) modelling of filter samples revealed a greater
correlation when the sum of wood smoke and coal from Yin et al. (2014) was considered
rather than wood smoke alone (Yin et al., 2014). Moreover, the stronger correlation was
achieved when the two SFOA factors were also summed suggesting that although several fuel
types are contributing to SFOA, the split between the two factors is not solely driven by a

difference in fuel type.

4.2.3 Role of burn conditions

Burn conditions can result in variations in the emissions from solid fuel burning, where such
conditions include different burners or technologies and burn phase. Weimer et al. (2008)
suggested a low m/z 44 signal is indicative of the flaming phase whereas high signals occur
during the smouldering phase. Contrastingly, Jolleys et al. (2014b) found increased fs4
occurred more frequently during flaming combustion than smouldering burns. These
opposing conclusions highlight the dependency of emissions from fires on a variety of
factors, including burn conditions and fuel type. Furthermore, different methods are used in

these studies, resulting in very different mass spectra being obtained. This could be due to
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different fuel types, burner, or changes to the profile that occur between the source and the
receptor, thus mass spectra are not necessarily directly comparable. Therefore additional
information and various metrics have been used to better understand the influences from
variations within each of these factors such as whether a burn is predominantly flaming or
smouldering (Yokelson et al., 1996). Puxbaum et al. (2007) used the ratio of organic carbon
to levoglucosan to determine the type of combustion, such as fires in small ovens and open
wild fires. In this study, the ratio of SFOA1 to levoglucosan is 13.2, whereas for SFOA2 it is
10.1, which are similar to the value obtained by Sciare et al. (2011) in Paris (10.3) for PM;5
wood burning organic matter/levoglucosan. The similarity of the ratios of the two factors
suggests different phases of combustion may be occurring under similar conditions. This
could mean that the same burner type is being used, for example, but the combustion phase is
different such as flaming or smouldering burns. However, levoglucosan is not completely
stable in the atmosphere (Hennigan et al., 2010) so may not be a suitable tracer when used on
its own.

Due to the sensitivity of wood smoke tracers to combustion conditions, Harrison et al.
(2012a) used the levoglucosan:potassium ratio to evaluate wood smoke in the UK. Two
potential sources of wood smoke were suggested: wood stoves/fireplaces, with a high ratio,
and modern appliances, with a low ratio. Low temperature flaming combustion results in a
high organic content whereas a low ratio results from very high burn-out efficiency. In Figure
6, the difference between the two SFOA factors is plotted against the levoglucosan:potassium
ratio from 24-h filter samples from North Kensington. In general, higher SFOA1l
concentrations are coincident with a lower levoglucosan:potassium ratio, whereas higher
SFOAZ2 concentrations are coincident with a higher ratio. This could therefore suggest that
SFOAL represents a more efficient burn compared to SFOA2. Such conditions could be the
result of efficient burner types, the use of well-seasoned wood, or represent the flaming phase
of the burn. This is in keeping with the mass spectral profile of SFOAL exhibiting a large
signal at m/z 44, indicative of fast combustion which results in the conversion of organic
matter to CO»(g). The converse represents less efficient burn conditions, which is seen in the
mass spectral profile of SFOAZ2. Furthermore, flaming combustion involves high
temperatures, evident in the MS of SFOAL, which appears to favour greater functionalization
whereas SFOAZ2 is predominantly composed of aliphatic chains (Fig. 4). Similar to the
findings of Weimer et al. (2008), levoglucosan signals in the MS of SFOAL i.e. m/zs 60 and
73, are enhanced compared to those in the MS of SFOA2 suggesting SFOAL represents
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higher temperature burns as it is expected that higher thermal breakdown occurs at higher
temperatures in flaming combustion (Weimer et al., 2008). In summary, differences in burn
efficiency are potentially governing the split between the two SFOA factors. Inventory data
for the emissions from solid fuel combustion is of poor quality and other data such as
regarding burner installations for example, are not available thus cause for differences in burn

efficiency can only be speculated on.

5 Contributions of SFOA to total NR-PM; and longer term temporal trends

SFOAL contributes 18% to the total organic fraction and SFOA2 contributes 20% (Fig. 1b),
where the sum of both factors is similar to the contribution of the SFOA factor in Young et
al. (2014) derived from PMF analysis of the organic matrix from the cToF-AMS (33%) for
the same period. The contribution of cToF-AMS SFOA to total organics during the whole
winter season (January, February, December 2012 and January 2013) was 35%. Since no
SFOA factor was derived from PMF analysis of the summer HR-ToF-AMS data set, the
long-term cToF-AMS data set described in Young et al. (2014) is used to investigate the
seasonal trends of SFOA.

Only one SFOA factor was derived from PMF analysis of the cToF-AMS data, due to the
lower mass resolution of this version of the instrument compared to the HR-ToF-AMS where
different ions at the same nominal m/z can be distinguished. The derivation of a single SFOA
factor is also likely a result of the broad range of photochemical conditions and time that are
covered by the year-long data set. If significantly aged, some SFOA may be apportioned to
SOA (OOA) by PMF due to the chemical similarity. Furthermore, if SFOA has been aged or
advected, fso may no longer be a reliable marker (Cubison et al., 2011). Heringa et al. (2011)
also found that SOA significantly contributed to m/z 60 depending on the burning conditions.
Nevertheless, SFOA contributes 18% to the total organic mass in spring, 11% in summer and
26% in autumn. This is consistent with the findings of Allan et al. (2010) for autumn 2007 as
part of the REPARTEE experiment (Harrison et al., 2012b), which also took place in London,
where SFOA was also found to represent 26% of POA. This seasonality, where the
contribution of SFOA to total organic mass as well as actual mass concentration increases
during the autumn and winter, is consistent with domestic space heating activities.

As expected, temperatures were greater in the summer compared to the winter, which is why
solid fuel aerosols were not discernable from the HR-ToF-AMS data set from the summer

IOP. However, as SFOA is still found to contribute to the total organic mass during this
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period it could be that this factor represents a different activity to domestic space heating
during the winter. Gardening waste and forest wood burning occurs in the summer, with

wood and other fuel types burned for barbecues (Crippa et al., 2014; Lanz et al., 2007).

6 Conclusions

An investigation in to the differences between two SFOA factors derived from PMF analysis
of the organic fraction of NR-PM; as measured by the HR-ToF-AMS in London during
winter 2012 is presented. Spatial differences in the concentrations of both SFOA factors were
found where SFOAL had influences from the south whereas SFOA2 had influences from the
east and west. However, the reason for these different spatial influences is not known. The
chemical profile of SFOA is known to vary due to differences in fuel type, the degree of
atmospheric processing and burn conditions; various methods were therefore used to
distinguish between the two factors on the process level and determine the importance of
each of these variables in governing the split.

SFOAL was found to be more oxygenated organic matter than SFOA2, however, correlations
with ancillary data suggested that the split in SFOA was not likely to be primarily driven by
differences in fuel type or degree of processing. The ratio of the biomass burning tracers,
levoglucosan and potassium, was used to identify the importance of different burn conditions
in controlling the split between the two SFOA factors. Higher SFOALl than SFOA2
concentrations were coincident with a low ratio, indicating SFOA1 likely represents a high-
efficiency burn whereas SFOAZ2 likely represents less efficient burn conditions such as the
smouldering phase of a burn. Therefore, each of the SFOA factors represents different
conditions where burn conditions can include the burner type/technology, whether fireplace
or modern appliances, burn phase, smouldering or flaming, and time since the fire was lit. As
diagnostics in both PMF and CMB analyses improved by considering both SFOA factors and
the differences between the two factors are identifiable on a chemical basis, there are
implications for future source apportionment analyses and interpretation of other data. It is
possible that the uncertainty surrounding SFOA in PMF and multi-linear engine ME-2
analyses (Canonaco et al., 2013) could be addressed by including two factors which better
characterise the variability of solid fuel burning aerosols by improving the accuracy and
reducing the rotational ambiguity in such analyses.

Increases in the concentrations of both SFOA factors are consistent with their association

with space heating activities. During the winter, SFOA1 contributed 18% to the total organic
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mass whereas SFOA2 contributed 20%, where the sum of the two factors is comparable to
the contribution of the single SFOA factor identified from the cToF-AMS data set. The
seasonality of SFOA was investigated using the long-term data set where SFOA contributed
18% to the total organic mass in spring, 11% in summer and 26% in autumn. The presence of
SFOA during the summer could be due to activities such as barbecuing, as well as domestic
garden and forest wood burning. This study highlights the importance of SFOA where it is
evident that wood burning and other solid fuel burning activities are occurring in London
despite the implementation of various legislative measures. Changes in the economy,
including increases in fossil fuel prices, may lead to an increase in the contribution of SFOA
to the total NR-PM; aerosol burden, which could have significant influences in forming
future air quality policies and mitigation strategies due to the associations between fine
combustion aerosols and adverse health, air quality, and climate effects. As the use of
renewable energy sources is also set to increase across the EU, it may be expected that
similar conclusions are reached in other countries with comparably significant implications

for policies and pollution abatement.
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1  Table 1. Pearson’s r correlation coefficients for linear and multi-linear regressions between

2  PMF factors from the 4 and 5-factor solutions and combustion tracers.

3
CO NOy
SFOA-4fac 0.56 0.43
SFOA-combined 0.65 0.51
f(HOA,SFOA)-4fac 0.77 0.74
f(HOA,SFOA)-combined 0.77 0.71
f(HOA, SFOAL, SFOA2) 0.79 0.74




0 N o 0 B~ W N P

,\
)

e 20 — HOA
g — COA
c
S 15
©
1=
S 10
C
38
o 5
(%]
S
= 0
| |
16/01/2012 21/01/2012 26/01/2012 31/01/2012 05/02/2012
Date (UTC)
(b) 1.0 (c)
o 167 o4
0.8 1S . 0.3:I
c (=2} 0.2
2 2 1.2 0-1:L|—|—|—|—
§ 0.6 5 ] 5 10 15 20
- IS
2 04 E 0.8
= o '
C
0.2 8 0.4
7))
(/) -
©
0.0 = 0.0-

8 12 16 20 24
Hour of day (UTC)

Figure 1. (a) Time series of the 5-factor-PMF solution from the HR-ToF-AMS PMF. (b)
Average fractional contribution to the total submicron organic aerosol mass, where the

residual accounts for 1.24% of the mass (also see Figure S27 in Section 5.1.2 in the

supplementary material to Young et al. (2014), the complementary paper). (c) Median diurnal

profiles for each of the 5 factors and the diurnal profile of the difference between the two

SFOA factors (SFOA2-SFOAL, inset).
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Figure 2. Time series of SFOAL and SFOA2 concentration and meteorological data from

Heathrow. The horizontal grid lines in the wind direction sub-plot, from top to bottom,

represent westerly, southerly, and easterly wind directions, respectively.
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Figure 3. Polar plots of hourly averaged SFOA1 (left) and SFOAZ2 (right) concentrations as a

function of wind speed and direction, where the wind data are from the Heathrow airport

meteorological station, which are unaffected by large buildings. These polar plots were

plotted in R using the openair package (Carslaw and Ropkins, 2012; Carslaw, 2013) which is

a data analysis tool used to investigate air pollution.
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Figure 4. Mass spectra of SFOA1 (top) and SFOA2 (middle) as derived from PMF analysis
on the HR-ToF-AMS organic data. Bottom: The difference between the mass spectral
profiles of SFOAL and SFOA2, where there are differences in the structure of the peaks
above and below the line, compared to the individual MS of SFOA1 and SFOAZ2. For
example, the peaks above the line are primarily composed of oxidised hydrocarbons at m/z
43, 44, 57, and 60 and the peaks below the line are primarily composed of reduced
hydrocarbons. Prominent peaks in the SFOA1 MS such as m/z 41 and 55 are not present
above the line in the difference MS and peaks at m/z 43 and 57 in the SFOA2 MS are not

present below the line in the difference MS.
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Figure 5. f44 vs. fgo for the SFOAL and SFOAZ2 factors derived from PMF analysis of the HR-
ToF-AMS organic data. OOA is also plotted for reference. The dashed line indicates the
background fgy level of 0.3% as defined by Cubison et al. (2011). The arrows indicate
direction of aging observed in various plumes measured in Cubison et al. (2011, dark grey
arrow) and Lack et al. (2013, light grey arrow).



A~ W

SFOAL-SFOA2 (ug m")

1.0

0.5 —

-1.5

Linear regression fit

+ one standard deviation
slope =-0.91 + 0.3
intercept = 0.80 £ 0.3
Pearson'sr =-0.51

0.6

|
0.8

| | | | |
1.0 1.2 1.4 1.6 1.8
Levoglucosan : potassium

Figure 6. Variation of the difference between SFOA1 and SFOA2 concentrations with the

levoglucosan:potassium ratio as derived from 24-h filter samples.



