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ABS TRA CT

We present laboratory measurements of the chemical speciation of black carbon particles produced from burning a series of biomass fuels during FLAME III (2009). A soot particle aerosol
mass spectrometer (SP-AMS) was utilized to study the chemical composition of refractory black
carbon particles and the associated nonrefractory components. We examine the eﬀect of source
fuel and combustion eﬃciency on the chemical composition of the emitted black carbon aerosol
particles. Fifteen diﬀerent source fuel types were examined. Two distinct types of black carbon
spectra were observed: Low mass to charge (C1+-C5+) black carbon cluster ions were observed
for all fuels while high mass to charge (> C32+) black carbon cluster ions with distinctive
fullerene structure were found for turkey oak and pine species. The relative ratios between the
mass concentrations of non-refractory organic species and black carbon varied between fuel types
and displayed an inverse correlation with the modiﬁed combustion eﬃciency (MCE) of the burns.
Finally, positive matrix factorization (PMF) was conducted on the SP-AMS mass spectra in order
to examine the variability in the chemical composition of the observed biomass burning particles
and to identify potential signatures of diﬀerent fuel types.

1. Introduction
Biomass burning emissions are a major source of aerosols, speciﬁcally black carbon (BC), and this aerosol species inﬂuences
climate, visibility and health (Crutzen & Andreae, 1990; Bond et al., 2013; Naeher et al., 2007). The degree to which these various
concerns are inﬂuenced is aﬀected by the actual chemical speciation of the black carbon particles and their coatings. It has been
estimated that about 50% of annual mean total particulate carbon concentrations (TC) in the continental United States are due to
biomass burning (Park, Jacob, & Logan, 2007) and summer wildﬁres have been identiﬁed as the primary driver of the interannual
ﬂuctuation in observed TC concentrations (Spracklen et al., 2007). On average biomass burning contributes 40% of global emissions
of submicron black carbon (Bond et al., 2013).
Diﬀerent combustion processes are known to produce diﬀerent aerosol chemical speciation signatures. Flaming combustion is
associated with elemental BC production (Reid, Koppmann, Eck, & Eleuterio, 2005) while smoldering combustion is more typically
associated with higher organics, along with black carbon (Collier et al., 2016). The mixing state of biomass burning source particles is
an area of intense research focus with multiple studies detailing the role coating plays in BC particle optical properties (Cappa et al.,
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2012; D. Liu et al., 2017; S. Liu et al., 2015; McMeeking et al., 2014). An enhanced understanding of the chemical speciation of
biomass burning particles better informs measures of mixing state.
The soot particle aerosol mass spectrometer (SP-AMS) allows investigation of the mass spectral signatures of both refractory BC
(rBC) and non-refractory chemical species in emissions from diﬀerent fuels and burning conditions (Onasch et al., 2012). The
chemical mass spectral signatures typically seen from various BC types have been examined in detail in Onasch et al. (2015) and a key
ﬁnding of that analysis was the observation that biomass burning in some cases may produce a signiﬁcantly higher portion of black
carbon signal above C32 (m/z 384) than other black carbon sources. The work of Onasch et al. (2015) and Corbin et al. (2014) looked
speciﬁcally at laboratory generated fullerenic soot with the SP-AMS and veriﬁed that the chemical mass spectral signature produced
by fullerenes (> C32+) is detected with SP-AMS.
Field measurements of biomass burning have the advantage of measuring actual wildﬁres but they are usually snapshots of a point
in time where variability in combustion and fuel source may not be accounted for (Yokelson, 2008). Controlled laboratory burns
allow examination of the evolution of the biomass burning plume when the fuel source is known. During the third Fire Lab at
Missoula Experiment (FLAME III), 15 diﬀerent species were sampled in order to better classify the combustion products of speciﬁc
biomass burning fuels. There have been a number of papers which describe other measurements conducted during the FLAME III
campaign looking at diﬀerent aspects of the chamber burn measurements. The overall experimental plan is explained in detail in May
et al. (2014). Aerosol absorption enhancements observed during the chamber burns are detailed in McMeeking et al. (2014). A
separate chamber in a mobile lab downstream of the Missoula FSL chamber was used to conduct aging studies on the chamber burn
emissions (Hennigan et al., 2011), while Ortega et al. (2013) used an oxidative ﬂow reactor downstream of the chamber to conduct
aging studies as well.
In this manuscript we focus on characterizing the chemical composition and chemically speciated size distributions of black
carbon containing particles emitted from the burns studied during FLAME III. As far as we are aware, this is the ﬁrst detailed
examination of open biomass burning aerosol composition with an SP-AMS. In this work, particular attention was devoted to analyzing variations in the particle composition as a function of fuel and combustion conditions. The chemical composition and mixing
states of both the black carbon and non-refractory organic fractions of the emitted biomass burning aerosol particles are discussed.
2. Methods
The FLAME III campaign occurred during September 2009 at the Fire Sciences Laboratory in Missoula, MT. A series of chamber
burns were conducted with a variety of biomass fuels. Fuels were dried in a low humidity chamber for at least one evening prior to
combustion (McMeeking et al., 2009) and fuel moisture content was determined before the start of a burn (May et al., 2014). The
method of ignition was a heated wire bed treated with ethanol (McMeeking et al., 2009). These experiments typically lasted 3–5 h
during which time the ignited biomass fuel was left inside the chamber and measurements of the chamber air were taken with an
extensive suite of instrumentation to characterize primary emissions with no photochemical aging. Air within the chamber was mixed
by a large fan (May et al., 2014). This paper focuses primarily on the SP-AMS measurements; however, in addition to the SP-AMS
several other instruments measured the evolution of these biomass burn samples. A Droplet Measurement Technologies (Boulder,
Colorado) Photoacoustic Soot Spectrometer (PASS-3) and a single particle soot photometer (SP2, Droplet Measurement Technologies)
shared the same inlet as the SP-AMS. A thermal denuder (TD) (Huﬀman, 2008) was run upstream of these instruments with a 50%
duty cycle allowing for switching between examination of denuded particles and undenuded particles to gain coating information. A
high resolution time of ﬂight aerosol mass spectrometer (HR-ToF-AMS) on a separate inlet with another TD conducted measurements
concurrently giving information on non-refractory particulate components. Both TD systems typically ran a 1 h cycle where temperature was ramped from 30 to 150 °C and back.
3. Instrumentation
3.1. SP-AMS
The SP-AMS instrument is a standard Aerodyne HR-ToF-AMS with an intracavity, continuous wave laser vaporizer and provides
online chemically speciated mass and sizing measurements of both nonrefractory and refractory particles between roughly 50 and
600 nm in aerodynamic diameter (Onasch et al., 2012). In the SP-AMS, particles containing refractory materials (i.e., rBC and many
metals) are vaporized with a 1064 nm laser. As these particles are heated through absorption of the laser light, the species attached to
the rBC are also heated through conduction, vaporizing at a species speciﬁc vaporization temperature. The resulting vapor is ionized
via electron impact and detected with a high-resolution time-of-ﬂight mass spectrometer (HR-TOF). The conventional vaporizer (W
surface at 600 °C) normally present in the AMS was removed for these measurements so that only particles containing rBC and some
metals are vaporized along with their coatings. The SP-AMS instrument typically sampled with 1 min time resolution switching
between denuded and bypass ﬂow every minute. Mass concentrations of rBC and organic species were obtained from the SP-AMS
mass spectra following methods outlined by Onasch et al. (2012). Mass spectral intensities (in units of hertz) are converted to mass
units (μg/m3) using factors that account for species-dependent ionization eﬃciencies and laser-particle beam overlap. The relative
ionization eﬃciency (RIE) for refractory black carbon of 0.2 measured by Onasch et al. (2012) is used together with a collection
eﬃciency (CE), which accounts for incomplete particle and laser beam overlap as well as the particle shape and size (Willis et al.,
2014). CE was determined by comparing SP2 rBC (McMeeking et al., 2014) and SP-AMS rBC measurements for all burns. This CE was
found to be bimodal with a value of 0.45 for rBC particles with a small amount of associated organics (Organic/rBC < 6) and a value
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Table 1
Fuel class, burn ID, fuel and the average MCE for each chamber burn measured by SP-AMS.
Fuel Class

Burn ID

Fuel

MCE

chaparral
chaparral
chaparral
grass
grass
leafy shrub
leafy shrub
leafy shrub
pine
pine
soil/duﬀ
soil/duﬀ
spruce
spruce

59
54,
49,
43,
42,
44,
41,
45,
37,
40,
51
64
39
55

chamise
manzanita
sagebrush
saw grass
wire grass
gallberry
pocosin
turkey oak
lodgepole pine
ponderosa pine
alaskan duﬀ
indonesian peat
black spruce
white spruce

0.943
0.956, 0.956
0.925, 0.924
0.958, 0.939
0.969, 0.959
0.954, 0.947
0.96, 0.95
0.947, 0.9
NA, 0.921, 0.889, 0.883
0.889, 0.871, 0.892
0.9
0.891
0.957
0.95

60
53
58
56
47
63
52
38, 50, 61
48, 57

of 0.9 for rBC particles with a large amount of associated organics. It should also be noted that all data presented here is presented as
a ratio not an absolute quantity.
3.2. Other instrumentation
The HR-ToF-AMS which conducted measurements of non-refractory aerosol composition is described in detail in May et al.
(2014). May et al. (2014) applied a CE of 1 to the organic mass loadings used to compare to SP-AMS measurements in this paper. The
SP2 instrument measured rBC particle mass using laser induced incandescence (Stephens, Turner, & Sandberg, 2003). The operation
of the SP2 is discussed in detail in McMeeking et al. (2014). The PASS instrument measured light absorption and scattering coefﬁcients at laser wavelengths of 405, 532 and 781 nm and its usage during FLAME III is also described in detail in McMeeking et al.
(2014). Trace gas measurements of CO were conducted throughout the campaign by a variable-range gas ﬁlter correlation analyzer,
Thermo Environmental Model 48 C (Thermo Fisher Scientiﬁc, Inc., Waltham, Massachusetts) and measurements of CO2 were conducted with a Licor 6262 nondispersive infrared gas analyzer (Li-Cor Biosciences, Lincoln, Nebraska). These instruments were calibrated with standards before and after every burn and had an estimated accuracy/precision of 1%/0.1% for CO2 and 2%/1% for CO
(May et al., 2014; McMeeking et al., 2009).
4. Results and discussion
Table 1 summarizes information about each chamber burn experiment sampled with the SP-AMS including the fuel class, burn ID,
the fuel species and the average modiﬁed combustion eﬃciency (MCE). Many fuels were measured multiple times allowing the
comparison of data across diﬀerent experiments with the same fuel type. The majority of fuel types sampled were fuels commonly
consumed in wildland ﬁres in the United States (Christian, 2003; McMeeking et al., 2009). The fuels have been subdivided into
foliage classes (pine, spruce, leafy shrubs, chaparral, grasses and soil/duﬀ). We calculate MCE from the excess molar mixing ratios of
CO and CO2
MCE = Δ[CO2]/(Δ[CO2] + Δ[CO])
where the excess molar mixing ratio is the ﬁre integrated mixing ratio minus the background mixing ratio and an MCE of 1 is
complete combustion. The background mixing ratio was determined by integrating mixing ratios for 5 min prior to the burn. The
average mixing ratio of CO and CO2 integrated over the entire ﬁre were used to calculate MCE. There is some uncertainty in the
calculation of these MCE's for each burn as the level of CO2 in the chamber varied somewhat even without fuel combustion so that the
assumption of a constant background was not completely valid. Even with this slight uncertainty, MCE is the best metric we have to
gauge the eﬃciency of the burn. MCE varied from a low value of approximately 0.87 for a ponderosa pine burn to a high value of
approximately 0.97 for a wiregrass burn. An MCE near 1 is generally associated with pure ﬂaming emission and no smoldering
emission. Most wildﬁres have a combination of ﬂaming and smoldering emissions yielding a wide range of MCE's. A study which
combined data from a number of ﬁeld measurements found a range of MCE values from 0.91 to 0.97 (Yokelson et al., 2003). During
the FLAME III campaign, all measured burns contained a mixture of both types of emissions based on visual observation and the
stability of MCE measurements over the course of each burn. Having some knowledge of average burn eﬃciencies, we can then
examine how other metrics, such as organic/rBC and the mass spectral signature of rBC, vary with MCE.
5. Black carbon chemical measurements
Previous studies have shown that SP-AMS spectra from many sources are dominated by small carbon cluster ion signals (Cn+,
n ≤ 5) (Corbin et al., 2014; Onasch et al., 2015) Larger carbon clusters (Cn+, n ≥ 6) and fullerene ions such as C60+ have also been
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Fig. 1. The mass spectral signature of the two factors derived by PMF analysis of the black carbon signal.

observed in SP-AMS spectra of some sources (Fortner et al., 2012; Wang et al., 2016) but in general little fullerenic content (< 10%
of Cn+ > 32) is observed unless examining pure fullerenic materials (where > 90% has been observed) (Canagaratna & Massoli,
2015; Canagaratna, Jimenez et al., 2015; Onasch et al., 2012, 2015). The SP-AMS spectra from the biomass burning sources studied
here show the small carbon cluster signals as usual, but a unique feature of these spectra is the fact that some of the burns show
signiﬁcant fullerenic content (> 30%). Supplementary Fig. S1 shows the ratio of the fullerenic signal (C32 and above) to the total rBC
signal for each burn. Fullerenic fraction varied from as high as 31% in one of the turkey oak burns to as low as 1% for white spruce.
The two turkey oak chamber burns were the highest fullerenic ratio burns measured by SP-AMS (20% and 31%); the next highest
fullerenic ratio burn was galberry at 12%.
The variability in the rBC spectra between all the burns was investigated with positive matrix factorization (PMF). A two-factor
solution was found to account for most of the observed spectral variation in the rBC signals. As the number of factors was increased
above 2, the lower concentration factor was split into additional factors with similar time series that did not provide any new insight.
The mass spectra of the two factors are shown in Fig. 1. Both factors have similar patterns in the signal corresponding to the small
C1+-C5+ clusters, but only one of the factors has a clear fullerenic signature. Fig. 2 shows contributions from these factors to each
burn. The PMF analysis results are consistent with those seen in Supplementary Fig. S1, and conﬁrm that the higher percentages of
fullerenic content are observed in turkey oak, some galberry and some lodgepole pine burns. Fig. 2 and Supplementary Fig. S2 also
show the MCE for all the burns. There is little to no linear correlation between MCE and fullerenic content (r2 = 0.0965). Analysis of
the dependence of fullerenic content on MCE and fuel type indicates that for our limited number of burns, fuel type has a greater
impact on fullerenic content then MCE. For example, the highest fullerenic content species is turkey oak by a large margin and it lies
in the middle of the range of MCE values sampled during these experiments. Further work is necessary to investigate the potential of
using this unique relationship between fuel type and the fullerenic MS signature for source attribution of biomass burning related
aerosol observed in ambient environments.

6. Average chemical mixing states
The SP-AMS used in this study was not equipped with a conventional AMS thermal vaporizer. Thus, it only detected nonrefractory organic components of the biomass burning aerosol that were mixed with rBC, which absorbs and is subsequently vaporized by the laser vaporizer. The ratio between the organic and rBC mass concentrations detected with the SP-AMS is a useful
indicator of the level of mixing of rBC with organics for the various chamber burns. Fig. 3 shows the organic/rBC and MCEs for the
various burns. A range of ratios, from 0.5 to 28 are observed with the pine species showing the highest ratio of organic/rBC, while
chaparral species like chamise had the lowest ratio. An inverse relationship between the organic fraction and the MCE is observed

Fig. 2. Fractional contribution of black carbon PMF factors and MCE for each chamber burn. Fuel class is indicated by the color of the triangles.
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Fig. 3. SP-AMS organic/rBC ratio and MCE for all chamber burns. The organic/rBC ratio gives insight into the mixing state of rBC particles since organic was only
detected on rBC containing particles for this SP-AMS conﬁguration. Fuel class is indicated by the color of the triangles.

when all the burns are taken together. However, this inverse relationship was primarily driven by the pine burns which have high
coatings and low MCE and if the pines are not included this inverse relationship is less clear.
Since the collocated HR-ToF-AMS detects non-refractory organics with a thermal vaporizer, it measures all non-refractory organic
species, including those that are not internally mixed with rBC and thus not measured by the SP-AMS. Comparisons of the organic/
rBC ratios, where organic concentrations are obtained from either the HR-ToF-AMS or the SP-AMS and the rBC is obtained from the
SP-AMS, provide information about the fraction of organic mass that is associated with rBC in biomass burning emissions. Fig. 4a
shows a comparison of these organic/rBC ratios which vary from a low of around 1:1 for chaparral species to a high of almost 100:1
for some pine burns and peat. There is a general correlation in the organic/rBC measured with the HR-ToF-AMS and the SP-AMS,

Fig. 4. (a) HR-ToF-AMS organic/rBC versus SP-AMS organic/rBC, and (b) versus MCE. Points are colored by fuel type.
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Fig. 5. Leafy shrub and chaparral PToF size distributions for organic and rBC signals.

conﬁrming that when there is more organic available to mix with rBC, rBC particles become more heavily coated. The data in Fig. 4a
suggests that anywhere from 1% to 100% of the non-refractory organic aerosol mass in fresh biomass burning emissions is internally
mixed with rBC.
The HR-ToF-AMS total organic/rBC ratio varies widely by burn from near 0.4–1800. The dependence of this ratio on fuel class and
MCE is investigated in Fig. 4b. As in the case of SP-AMS organic/rBC (Fig. 3), there is an apparent trend of increased organic/rBC as a
function of decreasing MCE but it is unclear whether this is truly a function of the decreased MCE or rather a particular quality of the
fuel consumed. More burning measurements of individual fuel classes sampled under a range of MCEs are needed to better answer
this question.
The SP-AMS chemically speciated size distributions also provide insight into the distribution of organic/rBC ratios as a function of
particle size. Example size distributions observed for the leafy shrub and chaparral fuel classes are shown in Fig. 5. The size distributions of other classes are found in Supplementary Figs. S3 and S4. In general, a wide range of rBC and organic size distributions
was observed depending on fuel type and in some cases burning conditions. For example, as shown in Fig. 5, pocosin shows rBC size
distributions with single modes that peak at vacuum aerodynamic diameters (Dva) of 100–200 nm. Other members of the leafy shrub
fuel class such as galberry and turkey oak emit bimodal and broader rBC distributions that peak at Dva of 200–400 nm. In the case of
turkey oak, the burn with the higher MCE also shows rBC distributions that peak at a smaller diameter. Except for the chapparal fuel
class (manzanita, sage, and chamise), most of the biomass burning rBC size distributions peak at Dva larger than 100 nm. Thus, rBC
size distributions could be a useful means of distinguishing biomass burning inﬂuenced aerosol from fresh vehicle emissions, which
typically peak at Dva of 100 nm or less in the ambient atmosphere (Massoli et al., 2012). The organic size distributions sampled from
the various burns show more than one mode; the smaller organic mode generally overlaps with the corresponding rBC size distribution while the larger mode(s) overlap with the tail of the rBC distribution. This indicates that the smaller particles emitted during
burns are rich in rBC while the larger particles are richer in organic.
7. Organic chemical measurements
The high-resolution spectra obtained with the SP-AMS provide information about the elemental ratios of the organic aerosol
species emitted by biomass burning. The O:C and H:C ratios shown in Table 2 are calculated using two methods, the Aiken method
developed by Aiken et al. (2008) and the Improved Ambient method developed by Canagaratna et al. (2015) for high-resolution
thermal-vaporizer based AMS spectra. The average O:C for all chamber burns combined was found to be 0.30 ± (0.05). Fig. 6
compares the O:C ratio for each species colored by MCE and it is evident that there is no obvious correlation of O:C with MCE as was
also observed by Collier et al. (2016). It is apparent that O:C is consistent across burns in cases where a given species is sampled
multiple times. Fig. 6 also depicts O:C ratios determined by AMS or Aerosol Chemical Speciation Monitor (ACSM) in two other ﬁeld
measurement campaigns where wildﬁres were sampled (Collier et al., 2016; Vakkari et al., 2014) Previous work (Canagaratna et al.
2015b) has shown that spectra obtained with the SP vaporizer produce O:C values that are 17% lower than corresponding spectra
measured with thermal vaporizers. Moreover, the SP-AMS in this study measures only organic species present on rBC while the
conventional AMS and ACSM also detect organic particles with no rBC. Despite these considerations, it is still noteworthy that the O:C
for both of the wildﬁre AMS measurement campaigns is substantially higher (~66%) than that measured with the SP-AMS at FLAME
III. The two wildﬁre campaigns examined diﬀerent fuel types with the Mount Bachelor dataset primarily inﬂuenced by coniferous
17
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Table 2
Characteristics of each fuel type and species including O:C, H:C and N:C ratios, f60 and f73, and the dominant PMF factors for each chamber burn.
Class

Fuel

O:C (Aiken/ Imp._Amb.)

H:C (Aiken/ Imp._Amb.)

N:C (Aiken)

f60

f73

Dominant MS Factors

Chaparral

Sage
Manzanita
Chamise
Saw Grass
Wire Grass
Galberry
Pocosin
Turkey Oak
Lodgepole Pine
Ponderosa Pine
Alaskan Duﬀ
Indonesian Peat

0.22/0.29
0.2/0.26
0.23/0.31
0.3/0.41
0.23/0.31
0.18/0.23
0.19/0.25
0.23/0.31
0.24/0.32
0.23/0.3
0.26/0.34
0.16/0.2

1.5/1.7
1.6/1.7
1.5/1.7
1.6/1.8
1.6/1.7
1.7/1.8
1.6/1.8
1.6/1.8
1.7/1.9
1.7/1.8
1.7/1.9
1.7/1.8

0.021
0.014
0.015
0.026
0.016
0.018
0.01
0.025
0.017
0.021
0.028
0.013

0.01
0.04
0.02
0.04
0.05
0.05
0.04
0.04
0.04
0.04
0.01
0

0.01
0.02
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.01
0

7
8,6
7
5
6
8
9,3
1,9,5,6,4
2
2
3,4
9,8,1

Grass
Leafy Shrub

Pine
Soil/Duﬀ

Fig. 6. O:C ratio for each fuel species colored by MCE. Also shown are O:C ratios determined by AMS (Collier et al., 2016) or ACSM (Vakkari et al., 2014) measurements in two ﬁeld campaigns where wildﬁres were sampled. All O:C ratios in this graph were determined using the Aiken method (Aiken et al., 2008).

forest burns, including pine and spruce, and the South African dataset heavily inﬂuenced by savanna grassland burns. The biomass
burning measurements at FLAME III are considerably less aged than those measured in either wildﬁre campaign and it appears that
the aging of particles is dictating the observed O:C. This is consistent with results from Ortega et al. (2013) in which an increase in
O:C of the FLAME III biomass burning aerosol was observed after oxidation in a ﬂow reactor. The O:C values of the oxidized aerosol in
these experiments grew from 0.20 to 0.35 for ponderosa pine over a photochemical age of 4 days while wire grass grew from 0.35 to
0.65 over a photochemical age of 5 days.
Since SP-AMS spectra have been shown to have reduced thermal decomposition and fragmentation compared to thermal vaporizer-based AMS spectra, it is useful to examine if there are any signatures in the SP-AMS mass spectra that could be used to

Fig. 7. The average organic mass spectra of the leafy shrub and chaparral fuel classes colored by family.
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Fig. 8. The mass spectral signatures of the 9 PMF factors obtained by analysis of organic signal for all chamber burns colored by ion family.

diﬀerentiate between biomass burning aerosol fuels (Canagaratna et al., 2015b; Onasch et al., 2012). The average mass spectra
observed for burns from two fuel classes (leafy shrubs and chaparral) are shown in Fig. 7. The average mass spectra for the remaining
burns, grouped by fuel class, are shown in Supplementary Figs. S5 and S6. There are some similarities evident within fuel classes and
there are also certain features of the mass spectrum unique to a given fuel. We utilize PMF analysis of the mass spectra measured from
all the burns to identify the dominant spectral signatures that can be used to distinguish between diﬀerent burns. Hybrid mass spectra
containing high-resolution ions from m/z 13 − 119 and unit-mass resolution ions from m/z 119 – m/z 295 are used in the analysis.
As shown in Supplementary Fig. S7, the quality of ﬁt diagnostic (Q/Qexp) for the PMF analysis is higher than the ideal value of 1. This
indicates that the PMF factors do not capture the burn spectra within the prescribed uncertainty in the data. This may be due to the
fact that the PMF model, which assumes constant factor mass spectra, cannot represent the true variability in biomass burning
spectra. An additional possibility is that the prescribed errors for the mass spectral data are too small. This is likely the case for the
high resolution ions (m/z 13–119) where only Poisson statistics errors are calculated and errors from the high resolution ﬁtting
process (e.g., m/z calibration and peak shape) itself are not included (Cubison & Jimenez, 2015). Fig. S8 shows the scaled residuals as
a function of m/z. The scaled residuals are large but evenly distributed across the range of m/z's suggesting that, while the uncertainties may be underestimated, the 9 factor solution captures the mass spectral variations across the diﬀerent burns. Given the
large Q/Qexp values from the PMF ﬁts, we use this analysis only to identify characteristic mass spectral ions from the various burns
(i.e., intense ions in the mass spectra of the distinguishing factors) rather than to quantitatively interpret the mass apportionment
between the factors for each burn. Fig. 8 shows the mass spectra corresponding to the 9 factor PMF solution. This particular solution
was chosen because, as shown in Fig. 9, the mass contributions of the factors showed distinct variations between fuels. For example,
factors 8 and 9 are dominant in galberry and pocosin fuel burn mass spectra, respectively, and they are distinguished by a prevalence
of hydrocarbon ion series up to m/z 200. These two factors are more similar to each other than to other factors, consistent with the
fact that galberry and pocosin belong to the same fuel class. The chaparral fuel class (chamise, manzanita and sage) mass spectra are
closest to the mass spectrum of factor 7. This factor has a higher O:C value, and has an intense m/z 44 (CO2+) signal. Signals at m/z
213 and m/z 215 are also identiﬁed in factor 7. Factors 6 and 5 correspond most to spectra of wire grass and saw grass fuels,
respectively. Both factors show weak hydrocarbon ion signals and oxygen containing ion signals that are dominated by anhydro-sugar
(e.g., levoglucosan) fragments at m/z 60 (C2H4O2) and m/z 73 (C3H5O2) as well as other oxidized ions at m/z 85 (C4H5O2) and 97
(C5H5O2). Finally, factor 3 and factor 2 distinguish the mass spectra of spruce and pine, respectively. They both show the oxidized ion

Fig. 9. The fraction of each PMF factor for each chamber burn.
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series observed in the grass spectra, with more intense signals from the ions at m/z 85 and 97. They also have additional oxidized ion
signal at m/z 87 (C4H7O2). All of the hydrocarbons in this PMF analysis are probably fragments from higher mass species given that
the SP-AMS uses electron impact (EI) ionization which fragments species extensively. These factor mass spectra are useful in identifying the distinctive features of biomass burning aerosol particles from diﬀerent fuels and could be useful for biomass burning
source apportionment in mixed airmasses observed in many ambient studies.
8. Conclusion
During the FLAME III campaign, chamber burns sampled 15 diﬀerent biomass burning fuels with many repeats facilitating the
examination of reproducibility of particle chemical composition of a given fuel. The SP-AMS characterized the chemical composition
of the black carbon containing aerosol emitted by biomass burning fuel sources. Diﬀerences in the rBC mass spectrum were observed
with some fuel sources having signiﬁcant fullerenic rBC contributions (> 10%). In particular turkey oak was found to have a fullerenic contribution as high as 31% of total rBC. Galberry and pine species also had signiﬁcant fullerenic content. PMF analysis of the
rBC signal derived 2 distinct factors, one with fullerenic content and the other without. The distinct presence of fullerenic content for
some fuels can be used to assist in source designation of rBC plumes in ambient measurements. Further laboratory work to better
characterize fullerenic content under diﬀerent MCE conditions would be useful to determine dependencies on MCE.
Organic species were found to vary by orders of magnitude relative to rBC, depending on the fuel source, with pines having the
highest ratio of organic and chaparral having the lowest. Organics measured with the SP-AMS were compared with organics measured with the HR-ToF-AMS and higher organic/rBC ratios were found to correlate with higher overall organic mass loading in the
emitted biomass burning aerosol. MCE was found to roughly anticorrelate with the organic/rBC ratio although this seems to be
primarily driven by the pine species measurements and there are exceptions such as duﬀ, peat and some chaparral fuels. The O:C
ratios derived from the SP-AMS for the FLAME III biomass burning aerosol were signiﬁcantly lower than those of biomass burning
plumes measured in ambient environments with AMS and ACSM instruments. This diﬀerence likely reﬂects the signiﬁcant diﬀerence
in oxidative aging between the primary biomass burning particles measured in the chamber burns and the aged biomass burning
airmasses sampled in the ambient environments. PMF was conducted on the organic signal and a nine factor solution was found to
clearly identify distinctive mass spectral features that diﬀerentiate between the various fuel classes. Speciﬁc factors were found to be
dominant in pine, sawgrass, wiregrass, galberry and sage burns. These unique factors can be used to help characterize plume sources.
Future studies which step through a range of MCE's for a given fuel species would also be useful for better characterization of MCE
dependence with respect to the organic chemical makeup of biomass burning aerosol particles.
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