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Abstract. Biomass burning organic aerosol (BBOA) can

be emitted from natural forest fires and human activities

such as agricultural burning and domestic energy genera-

tion. BBOA is strongly associated with atmospheric brown

carbon (BrC) that absorbs near-ultraviolet and visible light,

resulting in significant impacts on regional visibility degra-

dation and radiative forcing. The mixing state of BBOA

can play a critical role in the prediction of aerosol optical

properties. In this work, single-particle measurements from

a Soot-Particle Aerosol Mass Spectrometer coupled with a

light scattering module (LS-SP-AMS) were performed to

examine the mixing state of BBOA, refractory black car-

bon (rBC), and potassium (K, a tracer for biomass burn-

ing aerosol) in an air mass influenced by wildfire emissions

transported from northern Québec to Toronto, representing

aged biomass burning plumes. Cluster analysis of single-

particle measurements identified five BBOA-related particle

types. rBC accounted for 3–14 wt % of these particle types

on average. Only one particle type exhibited a strong ion sig-

nal for K+, with mass spectra characterized by low molecu-

lar weight organic species. The remaining four particle types

were classified based on the apparent molecular weight of

the BBOA constituents. Two particle types were associated

with low potassium content and significant amounts of high

molecular weight (HMW) organic compounds. Our obser-

vations indicate non-uniform mixing of particles within a

biomass burning plume in terms of molecular weight and il-

lustrate that HMW BBOA can be a key contributor to low-

volatility BrC observed in BBOA particles. The average mass

absorption efficiency of low-volatility BBOA is about 0.8–

1.1 m2 g−1 based on a theoretical closure calculation. Our es-

timates indicate that low-volatility BBOA contributes ∼ 33–

44 % of thermo-processed particle absorption at 405 nm; and

almost all of the BBOA absorption was associated with low-

volatility organics.

1 Introduction

Biomass burning is one of the major global sources of

primary particulate matter, contributing approximately 42

and 74 % of global black carbon (BC) and primary or-

ganic aerosol, respectively (Bond et al., 2004). Although

typical climate forcing calculations only consider BC and

dust as light-absorbing aerosol components, there is grow-

ing evidence that atmospheric brown carbon (BrC, i.e.

light-absorbing organic particulate matter with wavelength-

dependent absorption in the ultraviolet–visible spectral re-

gion) is strongly associated with biomass burning organic

aerosol (BBOA), resulting in significant impacts on regional
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visibility and radiative forcing (Kirchstetter et al., 2004;

Chen and Bond, 2010; Lack et al., 2012, 2013; Saleh et al.,

2014; Lu et al., 2015; Washenfelder et al., 2015).

Recent laboratory studies have investigated the physico-

chemical and optical properties of BrC from biomass burn-

ing emissions in order to improve understanding of its cli-

mate impacts. McMeeking et al. (2014) performed a series

of thermodenuder experiments to examine volatility and ab-

sorption properties of laboratory-generated BBOA associ-

ated with BC. Compared to the evaporative loss of aerosol

mass, lower removal efficiencies of aerosol absorption at the

wavelengths of 405 and 532 nm were observed, implying the

presence of less volatile, light-absorbing BrC in the thermo-

processed particles. Saleh et al. (2014) also demonstrated that

the effective absorptivity of BrC that was generated from var-

ious biomass burning experiments is a function of the black

carbon-to-organic aerosol (BC-to-OA) ratio and is largely as-

sociated with extremely low-volatility organic compounds

(ELVOCs) that could not be removed efficiently by a ther-

modenuder operated at 250 ◦C. Mohr et al. (2013) recently

identified nitrated phenol compounds as potentially impor-

tant contributors to BrC in BBOA. However, the chemical

characteristics of such extremely low-volatility BrC remain

largely uncertain.

High molecular weight (HMW) organic compounds can

be one of the major contributors to low-volatility BrC in

BBOA. A significant number of HMW organic compounds

in BBOA have been observed based on different mass spec-

trometry analyses (e.g. Elias et al., 1999; Smith et al., 2009).

More importantly, Di Lorenzo and Young (2016) recently

reported that most BrC absorption of BBOA extracts arises

from HMW compounds based on size exclusion chromatog-

raphy. Dinar et al. (2008) demonstrated that the absorptivity

of ambient humic-like substance (HULIS, fulvic acid type)

separated from BBOA extracts was enhanced with increasing

molecular weight (from 340 to 460 Da), and thus decreas-

ing aerosol volatility. Sun et al. (2007) also reported that the

molecular structures of organic compounds that result in ab-

sorption spectra similar to that of atmospheric BrC are gener-

ally highly oxygenated molecules with more than 18 carbon

atoms.

Co-emission of BC and BBOA from biomass burning

sources can lead to internal mixing of these components.

Potassium (K) is abundant in biomass burning plumes and

can be used as a tracer of biomass burning aerosol particles.

Potassium salts such as KCl, KNO3, and K2SO4 are hygro-

scopic in nature, and hence the mixing states of potassium

salts, BC, and BBOA may affect the cloud formation ability

and light scattering of individual biomass burning particles.

Furthermore, the mixing state of biomass burning aerosol

particles can be potentially used as a tracer of different types

of burning. Internal mixtures of organic, BC, and potassium

salts have been observed in biomass burning aerosol to differ-

ent extents using electron microscopy techniques (Li et al.,

2003). Due to analytical challenges in single-particle char-

acterization, there is limited knowledge of the mixing state

of HMW organic compounds in BBOA. Our recent field

studies have successfully demonstrated that a Soot-Particle

Aerosol Mass Spectrometer (Aerodyne Research Inc., Bil-

lerica, MA) equipped with a light scattering module (LS-SP-

AMS) can quantify the mixing state of refractory black car-

bon (rBC) and organic aerosol in urban environments on a

single-particle basis (Lee et al., 2015; Willis et al., 2016).

Here, we extend the application of this single-particle mea-

surement technique to investigate the mixing state of BBOA

and other co-emitted species. The primary objective of this

study is to investigate the mixing state of potassium, rBC,

and organic aerosol in aged biomass burning particles, which

in this case originated from wildfire emissions transported

from northern Québec to Toronto, Ontario. We use single-

particle measurements to provide chemical insight into the

volatility and optical properties of biomass burning particles

observed in this study.

2 Experiment

2.1 Sampling detail and instrumentation

Measurements were performed at the Southern Ontario Cen-

tre for Atmospheric Aerosol Research Facility, located in

downtown Toronto (43.66◦ N, 79.40◦W). The sampling pe-

riod was 12–17 June 2013, and encompassed an air mass

heavily influenced by biomass burning (14 June, 14:00 LT

to 16 June, 11:00 LT) attributed to wildfire events in Québec

(Healy et al., 2015; Willis et al., 2016). The biomass burn-

ing influenced air mass took approximately 2 days transport-

ing from Québec to Toronto based on back trajectory anal-

ysis (Hybrid Single-Particle Lagrangian Integrated Trajec-

tory (HYSPLIT) Model). All instruments were connected to

a common sampling line (a 10 cm inner diameter stainless

steel tube) with a total flow rate of 170 L min−1. The stain-

less steel sampling line was connected to a 2.5 µm cut-off

inlet, located 15 m from the roadside and 3 m above ground

level.

A Soot-Particle Aerosol Mass Spectrometer (Aerodyne

Research Inc., Billerica, MA) equipped with a light scatter-

ing module (LS-SP-AMS) was the key instrument for this

analysis (see Sect. 2.2–2.3). Other co-located aerosol in-

struments included an Aerosol Time-of-Flight Mass Spec-

trometer (ATOFMS 3800, TSI Inc., Shoreview, MN), a Pho-

toacoustic Soot Spectrometer (PASS-3, Droplet Measure-

ment Techniques, Boulder, CO), an Aerosol Chemical Spe-

ciation Monitor (ACSM, Aerodyne Research Inc., Biller-

ica, MA), and a Scanning Mobility Particle Sizer (SMPS,

Model 3936N76, TSI Inc., Shoreview, MN). The ACSM was

used to quantify the ambient mass concentration of non-

refractory particulate matter (NR-PM) (Ng et al., 2011) with

a time resolution of 30 min in this study (see details in the

Supplement). A thermodenuder (Dekati Inc., Finland), op-
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erated at 250 ◦C with a flow rate of 6 L min−1, was used to

remove coating materials associated with rBC particles. The

residence time for particles in the heated section of the ther-

modenuder was 1.9 s and the particle transmission efficiency

was approximately 72 % (Healy et al., 2015). The PASS-

3 and SMPS switched between sampling ambient aerosol

and denuded aerosol every 10 min using an automated sam-

pling valve. The details of ATOFMS, PASS-3, and thermod-

enuder for this field campaign have been reported in Healy et

al. (2015).

2.2 Soot-Particle Aerosol Mass Spectrometer

An LS-SP-AMS was used to investigate the mixing state

of rBC-containing particles on a single-particle basis. The

working principle of the LS-SP-AMS has been reported else-

where (Onasch et al., 2012; Lee et al., 2015). In brief, rBC-

containing particles are vaporized at ∼ 4000 K by a 1064 nm

continuous wave intracavity infrared laser, similar to that

of the single-particle soot photometer (SP2, Droplet Mea-

surement Technologies) (Onasch et al., 2012). The result-

ing vapour is ionized via 70 eV electron impact and then de-

tected by a high-resolution time-of-flight mass spectrometer

operated in V-mode, which provides a mass resolving power

of ∼ 2000 at m/z 28 (DeCarlo et al., 2006; Canagaratna et

al., 2007). A resistively heated tungsten vaporizer was re-

moved from our instrument; therefore only rBC and its coat-

ing materials were detected (Massoli et al., 2015; Willis et

al., 2016). A single slit chopper with ∼ 2 % throughput was

used. The LS-SP-AMS was operated at 1 min time resolu-

tion alternating between bulk mass spectrum (MS), particle

time-of-flight (pToF), and single-particle modes throughout

the study.

Direct calibration of the ionization efficiency for nitrate

(IENO3
) is not possible without the tungsten vaporizer. Be-

fore removal of the tungsten vaporizer from the LS-SP-AMS,

ammonium nitrate (NH4NO3) particles generated by a con-

stant output atomizer (TSI Inc., Model 3076) were dried

using a diffusion dryer, and subsequently size-selected at

300 nm using a differential mobility analyser (DMA, TSI

Inc., Model 3081) for determining the mass-based ionization

efficiency of nitrate (mIENO3
). Similarly, the LS-SP-AMS

was calibrated for rBC quantification using dried 300 nm

Regal Black particles (Regal 400R Pigment Black, Cabot

Corp.), a calibration standard recommended by Onasch et

al. (2012) to determine the mass-based ionization efficiency

of rBC (mIErBC). The mass of individual dried 300 nm Re-

gal Black particles was ∼ 11.2 fg based on aerosol particle

mass analyser measurements (APM model 3600, Kanomax

Inc.) (Willis et al., 2014). The relative ionization efficiency of

rBC (RIErBC =mIErBC/mIENO3
) was 0.2± 0.05 (1σ uncer-

tainty). Assuming that RIErBC remains unchanged, mIENO3

and IENO3
were calculated based on measured values of

mIErBC (after removing the tungsten vaporizer) and the

known RIErBC. The average of the calculated mIErBC values

was 189± 20 ions pg−1 based on four independent calibra-

tions performed throughout the study. The calculated IENO3

was then used with recommended RIE values (Jimenez et al.,

2003, i.e. nitrate= 1.1, sulfate= 1.2, organics= 1.4, and am-

monium= 4) to quantify non-refractory aerosol species as-

sociated with rBC (referred to as NR-PMrBC). Note that our

previous studies have shown that the uncertainties of the rec-

ommended RIE for NR-PMrBC for the SP-AMS can be up to

50 % (Willis et al., 2014; Lee et al., 2015).

The ensemble MS and pToF data were processed

using the AMS data analysis software (Squirrel, ver-

sion 1.51H for unit mass resolution (UMR) data and

Pika, version 1.10H for high-resolution peak fitting,

downloaded from http://cires.colorado.edu/jimenez-group/

ToFAMSResources/ToFSoftware/index.html) with the cor-

rected air fragment column of the standard fragmentation ta-

ble (Allan et al., 2004; DeCarlo et al., 2006). Signals for rBC

were quantified by the sum of carbon ion clusters (C+x , i.e.

C+1 -C+9 ) using high-resolution mass spectral data. The aver-

age C+1 to C+3 ratio (0.6) obtained from Regal Black cali-

bration was used to correct the interference in C+1 from the

non-refractory organics in ambient aerosol. Collection effi-

ciency (CE) for rBC particles was determined in this study

using beam width probe measurements described previously

(Willis et al., 2014). Ambient rBC-containing particles had

an average beam width (σ )= 0.46± 0.03 mm, and hence a

CE of 0.6 was applied for absolute quantification of rBC and

NR-PMrBC (Willis et al., 2014). The CE applied does not

impact calculations of mass fraction of rBC (mfrBC) in the

rBC-containing particles.

Positive matrix factorization (PMF) analysis that covered

a wider range of the sampling period (i.e. 31 May–17 June

2015) was performed in our previous work to investigate

the potential sources and characteristics of rBC and organic

aerosol (Willis et al., 2016). In brief, the bilinear model was

solved using the PMF2 algorithm in robust mode (Paatero

and Tapper, 1994) and a final solution was selected using

the PMF Evaluation Tool (PET) version 2.06 according to

the method described by Ulbrich et al. (2009) and Zhang

et al. (2011). A four-factor solution was selected by exam-

ining the solutions for up to eight PMF factors. Two fac-

tors allowed the separation of local/fresh traffic emissions

from more aged/transported aerosol. Three factors allowed

the separation of BBOA from a background oxygenated or-

ganic aerosol (OOA). Increasing the number of factors from

three to four allowed for the separation of local/fresh traffic

emissions into hydrocarbon-like organic aerosol (HOA)-rich

and rBC-rich factors. Moving beyond four factors, splitting,

and/or mixing of BBOA and background OOA factors be-

came evident, so solutions with more than four factors were

not considered. Time series and mass spectra of the four-

factor solution are presented in Figs. S1 and S2 in the Sup-

plement.
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2.3 Single-particle measurements and data analysis

The design and working principles of the LS module in-

stalled in different versions of the AMS have been previously

described in detail (Cross et al., 2009; Freutel et al., 2013;

Liu et al., 2013; Lee et al., 2015). The LS module consists of

a 405 nm continuous wave laser (CrystaLaser, LC BCL-050-

405) that overlaps perpendicularly and completely with the

particle beam ∼ 0.265 m downstream of the chopper (Cross

et al., 2007). Scattered light from sampled particles is col-

lected using an ellipsoidal mirror and detected with a photo-

multiplier tube. An LS signal can be obtained if a sampled

particle is larger than the optical detection limit. The 50 %

cut-off mobility diameter (dm) (i.e. a diameter that represents

50 % counting efficiency of particle number when compared

to a condensation particle counter) of the LS module de-

termined using dried NH4NO3 particles is ∼ 250 nm, which

is approximately equal to a vacuum aerodynamic diameter

(dva) of ∼ 340 nm (the density and shape factor of NH4NO3

particles are 1.72 g cm−3 and 0.8, respectively). Once a light

scattering signal is detected, the computer is triggered to save

the whole pToF trace, from which the single-particle mass

spectrum is subsequently obtained.

Single-particle measurements were analysed based on a

particle categorization procedure, fragmentation table mod-

ification, and k-means clustering algorithm described previ-

ously (Lee et al., 2015), except that m/z 39 (K+) was also

included in the cluster analysis. In addition to the optical de-

tection limit of the LS signal (< 0.2 V), multiple scattering

signals observed in a trigger event and particles generating

weak total ion signals (< 10 ions) were excluded from clus-

ter analysis. The size distribution of total ion signals of the

single-particle measurement is shown in Fig. S3a and the or-

ange dashed line represents the threshold values for real par-

ticles. The tungsten vaporizer was removed from the LS-SP-

AMS, and hence the instrumental background for K+ pre-

dominantly due to surface ionization on the tungsten vapor-

izer was minimal. LS signals and single-particle mass spectra

with unit mass resolution (UMR) were processed using the

AMS LS data processing software (Sparrow, version1.04E,

downloaded from http://cires.colorado.edu/jimenez-group/

ToFAMSResources/ToFSoftware/index.html). The built-in

k-means clustering algorithm in IGOR Pro (WaveMetrics

Inc., version 6.2.2.2) was used to analyse single-particle data

for up to 25 clusters (Lee et al., 2015). Multiple clusters

were manually merged into final particle classes if they ex-

hibited similar mass spectral features and size distributions.

Note that k-means clustering has been extensively applied

to analyse single-particle data measured from the ATOFMS

(Rebotier and Prather, 2007; Friedman et al.; 2009; Giorio et

al., 2012; Gross et al., 2010; Healy et al.,2010, 2013; Pagels

et al., 2013) and the results are highly consistent with other

clustering algorithms such as ART-2a and hierarchical clus-

tering (Rebotier and Prather, 2007; Giorio et al., 2012).

Figure 1. Time series of (a) rBC and NR-PMrBC (Org, SO4,

NO3, NH4), (b) K+ and PMF-BBOA factor measured by the LS-

SP-AMS, (c) number of K-containing particles measured by the

ATOFMS (right axis) and total ion signal of all particle classes iden-

tified by cluster analysis of LS-SP-AMS data (left axis). (d) Size

distributions of K+ and Org associated with rBC measured by the

LS-SP-AMS.

3 Results and discussion

3.1 Observations of biomass burning influenced air

mass

A high loading of rBC-associated organics (referred to as

OrgrBC) was observed during a period of strong biomass

burning influence due to transported wildfire emissions orig-

inating from Québec (Fig. 1a, 14 June, 14:00 LT to 16 June,

11:00 LT, referred to as the BB period) (Healy et al., 2015).

Potassium (K+, a tracer of BBOA) measured by the LS-SP-

AMS is in good agreement with the K-containing particle

number counts measured by the ATOFMS, and is strongly

correlated with increased levels of OrgrBC (Fig. 1a–c), indi-

cating a significant contribution of BBOA to the total OrgrBC
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Table 1. Summary of LS-SP-AMS single-particle cluster analysis.

Particle Number of Number Average mass fraction Average ion fraction Average ion fraction

class particles percentage (%) of rBC (mfrBC) of m/z 39 of m/z 100–650

SO4-rich 200 3 0.04 0.01 0.27

NO3-rich 344 5 0.05 0.02 0.05

rBC-rich 78 1 0.86 0.04 0.07

BBOA-K 1020 15 0.14 0.33 0.02

BBOA-1 872 12 0.03 0.02 0.04

BBOA-2 1645 24 0.03 0.02 0.23

BBOA-3 1956 28 0.03 0.01 0.51

BBOA-4 745 11 0.05 0.01 0.56

Unknown 139 2 – – –

during the BB period. This is in good agreement with results

of a PMF analysis, which indicate that a PMF-BBOA factor

correlates well with K+ (Fig. 1b) (Willis et al., 2016). The

average mass fractions of m/z 60 (a marker ion for BBOA)

and 44 to total organic (f60 and f44) during the BB period

were 0.013 and 0.09, respectively, which is consistent with

previous field observations for BBOA (Cubison et al., 2011).

Even though K+ and OrgrBC observed within the BB period

likely have the same origin, different peak positions in K+

and OrgrBC size distributions measured by the LS-SP-AMS

suggest non-uniform mixing of these two aerosol compo-

nents in biomass burning emissions (Fig. 1d).

3.2 Single-particle observations – BBOA particle types

Cluster analysis of LS-SP-AMS single-particle mass spectra

was performed to investigate the mixing states of K+, OrgrBC

and rBC, yielding distinct particle classes (Table 1). Approx-

imately 90 % of the particles were classified into five BBOA-

related particle types, namely BBOA-K, BBOA-1, BBOA-2,

BBOA-3, and BBOA-4 (see discussion below). rBC was only

a minor constituent of these particle classes (mfrBC = 0.03–

0.14), which is in agreement with the PMF-BBOA factor.

Since a resistively heated tungsten vaporizer was removed

from our LS-SP-AMS, only rBC and its coating materials

were detected in this study. Assuming a core-shell structure,

a spherical rBC core, a uniform thickness of coating, and

a BBOA density of 1.3 g cm−3, the single-particle measure-

ments can be used to calculate the coating thickness of the

rBC core. To simulate the effect of the fractal structure of am-

bient rBC, the effective density of rBC was varied between

0.3 and 1.4 g cm−3 (i.e. rBC core with different porosity).

Figure S4 presents the two-dimensional histograms (mfrBC

vs. particle aerodynamic diameter, dva) of BBOA particles

identified by cluster analysis, with calculated coating thick-

ness curves overlaid for comparison. For example, a 320 nm

BBOA particle (i.e. dva∼ 400 nm, assuming the effective

densities of a porous rBC core and BBOA materials are 0.8

and 1.3 g cm−3, respectively) that consists of 5 % of rBC by

mass would have a BC core of radius ∼ 68 nm covered by

∼ 92 nm of BBOA material. The coating thickness is rela-

tively insensitive to variations in the effective density of rBC

core (Fig. S4).

An rBC-rich particle type with mfrBC of ∼ 0.8–0.9 was

identified in our previous observations in downtown Toronto,

likely arising from fresh traffic exhaust (Lee et al., 2015;

Willis et al., 2016). rBC-rich particles accounted for only

about 1 % of the total particles detected during this biomass

burning episode, in part due to the lower cut-off size limi-

tation of the LS module (Lee et al., 2015). A particle class

associated with a high mass fraction of hydrocarbon-like or-

ganic aerosol materials (HOA-rich particle class reported in

Lee et al., 2015) was not identified. Given that HOA-rich par-

ticles were clearly observed during the BB period based on

the PMF results (Sect. 2.2 and Figs. S1 and S2), it is possible

that the single-particle measurement of LS-SP-AMS actually

detected a small number of HOA-rich particles during the BB

period but cluster analysis could not separate them from the

more dominant BBOA particle classes due to similar mass

spectral characteristics. It is also important to note that clus-

ter analysis over a wider range of the sampling period (i.e.

31 May–17 June 2015) in the same field study could iden-

tify the HOA-rich particle class as reported in our previous

work (Willis et al., 2016). Accumulation-mode SO4-rich and

NO3-rich (3 and 5 % of particle number) particle classes with

low rBC content (mfrBC < 0.02) were also identified, similar

to our previous observations in downtown Toronto (Lee et

al., 2015).

3.3 Mixing of K+ in BBOA

The five BBOA-related particle classes give relatively strong

total ion signals within the BB period as illustrated in Fig. 1c,

which is in good agreement with the PMF-BBOA factor and

K+ (Fig. 1b). Figure 2 demonstrates the average mass spectra

(grey and green trace) of each BBOA-related particle class

and the mass spectral histograms (normalized to the number

of particles in each particle class, red trace) that show the

relative frequency of a signal at each m/z. Only one parti-

cle type, BBOA-K, exhibits a strong ion signal at m/z 39,

www.atmos-chem-phys.net/16/5561/2016/ Atmos. Chem. Phys., 16, 5561–5572, 2016
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Figure 2. Average mass spectra (left axis, green/grey traces), normalized mass spectral histograms (showing the relative frequency of a signal

at each m/z, right axis, red traces), and size distributions (insets) of the five BBOA-related particle classes identified by cluster analysis of

LS-SP-AMS data.

with mass spectra characterized by low molecular weight or-

ganic fragment ions (Fig. 2a). The ion fraction of m/z 39

for BBOA-K and other BBOA-related particle classes is 0.33

and less than 0.02, respectively (Fig. 3a and Table 1). The in-

set in Fig. 3a presents the ion fraction distribution of m/z 39

for BBOA-K (ranging from 0.1 to 0.8). Cluster analysis was

performed using UMR mass spectra, and thus the relative

contributions of K+ and organic fragments to m/z 39 can-

not be distinguished. Nevertheless, the organic fragment (i.e.

C3H+3 ) at m/z 39 only gives a small contribution to the

mass spectra of PMF-BBOA factor determined by the high-

resolution ensemble measurements, suggesting that most of

the ion signal at m/z 39 observed in the BBOA-K particle

type is due to the presence of K+.

Ternary diagrams further illustrate the relative abundance

of K+ (representing the upper limit), rBC, and organic ion

signals in BBOA-K (Fig. 3b) and other BBOA-related parti-

cle types (Fig. S5). These observations highlight that (1) K+

is not uniformly mixed in BBOA although it has been ex-

tensively used as a tracer for BBOA, and (2) a large number

fraction of BBOA particles are characterized by low K+ and

rBC content. In addition to primary emissions, large quanti-

ties of gas-phase organics co-emitted from biomass burning

may lead to significant secondary organic aerosol (SOA) pro-

duction, contributing to the observed BBOA-related particle

Atmos. Chem. Phys., 16, 5561–5572, 2016 www.atmos-chem-phys.net/16/5561/2016/
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Figure 3. (a) Ion fraction of m/z 39 signal (a tracer of K+) for each BBOA-related particle class. Histogram of the ion fraction of m/z 39

for the BBOA-K particle class (inset). (b) Ternary plot of rBC, OrgBC, and K ion signal for the five BBOA particle types.

types with low K+ content. Assuming that the relative ion-

ization efficiency of K+ (RIEK) is equal to 2.9 (Drewnick et

al., 2006) and using m/z 39 as a proxy for K+, the upper

limits of average mass fractions of K+ for BBOA-K and the

other BBOA-related particle types are approximately 20 and

< 1 %, respectively.

While BBOA-K accounted for∼ 15 % of the detected par-

ticle number (Table 1), our complementary ATOFMS mea-

surements revealed that particles with a strong K+ signal ac-

counted for over 60 % of the detected particle number for

the same period. The comparison suggests that the LS-SP-

AMS measurement may underestimate potassium-rich parti-

cle number. However, ATOFMS is highly sensitive towards

K+ (Gross et al., 2000); thus even particles with low potas-

sium mass content can exhibit high positive ion intensities

for K+, but chemical matrix effects make the mass quan-

tification of K+ difficult. On the other hand, for the LS-SP-

AMS measurement, only 27 % of the total particle number

used in the clustering gave ion signals above the detection

limit ofm/z 39, which is approximately two ions as shown in

Fig. S3b. Furthermore, RIEK is still uncertain for AMS mea-

surements in general. Note that ATOFMS and LS-SP-AMS

cannot detect BBOA particles that are without any compo-

nents absorbing at a wavelength of 266 nm and in the ab-

sence of rBC, respectively. Overall, a direct comparison be-

tween the two measurements is not straightforward as the

mass quantifications of K+ at the single-particle level for

both instruments remain highly uncertain.

3.4 Mixing of high molecular weight organic

compounds in BBOA

The remaining four BBOA particle types were classified ac-

cording to the apparent molecular weight of BBOA con-

stituents (Fig. 2b–e). The average value of f60 for BBOA-

4 (0.004) is smaller than the values of other BBOA parti-

cle types (ranging from 0.008 to 0.015). Note that m/z 44

(a tracer ion for organic acids) is the main contributor to

BBOA-4, whereas other BBOA particle types are dominated

by ions at m/z 29 and 43, suggesting that BBOA-4 is more

oxidized relative to other BBOA particles. Based on the em-

pirical parameterization of the improved ambient method re-

ported by Canagaratna et al. (2015) and measured f44 values

from UMR mass spectra, the oxygen-to-carbon (O : C) ratio

(i.e. O : C= 0.079+ 4.31× f44) of BBOA-4 is estimated to

be 0.43, which is higher than O : C ratios of other BBOA-

related particle types (0.14–0.34). In addition to organics,

CO+ and CO+2 signals can be generated by rBC (Corbin et

al., 2014), and thus our estimates likely represent the upper

limit of O : C ratios of each BBOA-related particle types.

Figure 4a illustrates the normalized cumulative histograms

of mass-to-charge ratios (from m/z 12 to 628, excluding

m/z 39 and fragments with strong interferences from air

and ammonium; see Lee et al., 2015) for each BBOA par-

ticle class, all BBOA particle types, and ensemble OrgrBC

within the BB period. Two particle types, BBOA-3 and

BBOA-4, are associated with significant amounts of HMW

organic fragments (i.e. more than 50 % of the ion signal arose

from organic fragments at m/z 100 or larger). For BBOA-2,

∼ 23 % of the ion signal resides in HMW organic fragments.

BBOA-K and BBOA-1 are mainly composed of low molecu-

lar weight organics with over 96 % of their ion signal arising

from organic fragments smaller thanm/z 100. Further, a sig-

nificant number of observed BBOA particles are composed

of HMW organic fragments, up to 80 % by mass (Fig. 4b).

These observations demonstrate that (1) the mixing state of

BBOA is not uniform in terms of organic molecular weight,

and (2) a large number fraction of BBOA single-particle

mass spectra (∼ 40 %) has major contributions from HMW

organic fragment ions, which are detected even though a hard

ionization technique (electron impact) was used in the LS-

SP-AMS.

HMW mass spectral signatures, some of which are asso-

ciated with polycyclic aromatic hydrocarbons, were also ob-

served in the ATOFMS data for the same period (see Fig. S8

for the average ATOFMS mass spectrum). However, those

spectra only accounted for ∼ 0.5 % of the total number of
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Figure 4. (a) Normalized cumulative histogram of mass-to-charge ratios for each BBOA-related particle class. (b) Histograms of the mass

fraction of HMW organic fragments (>m/z 100) in different particle types.

spectra detected by the ATOFMS during the BB period. Even

though the ATOFMS has been previously demonstrated to

detect HMW oligomeric species in both ambient air and

chamber experiments (Gross et al., 2006; Denkenberger et

al., 2007; Healy et al., 2010), its sensitivity towards HMW

organics may be influenced by chemical matrix effects, mak-

ing the detection and quantification of HMW organics in am-

bient particles challenging (Reilly et al., 2000).

Although the ensemble size distributions of K+ and

OrgrBC are observably different (Fig. 1d), the size distribu-

tions of BBOA-K and other BBOA-related particle classes

are similar to each other except that BBOA-4 peaks at a

slightly larger particle diameter (the insets in Fig. 2a–e),

likely due to measurement bias of the LS module towards

larger particle sizes (Lee et al., 2015). Nevertheless, it is

worth noting that there is no significant difference between

the ensemble size distributions of low (<m/z 100) and high

(>m/z 100) molecular weight organics (Fig. 1d). This sug-

gests that ensemble size distributions are insufficient to visu-

alize external mixing of the BBOA particle types with dif-

ferent average molecular weight, and also highlights the rel-

evance and unique capabilities of single-particle mass spec-

trometry observations.

3.5 Volatility and optical properties of BBOA

To assess the volatility of BBOA, the mass fraction of to-

tal BBOA, regardless of rBC content, retained in thermo-

processed particles was estimated based on the SMPS and

ACSM measurements (see details in Supplement). The re-

moval efficiency of aerosol volume, based on SMPS mea-

surements, was 60–80 % for the majority of the sampling pe-

riod and decreased to ∼ 40 % on 15 June, when the site was

most heavily impacted by the wildfire emissions (Fig. S6a).

The estimation based on ACSM measurements also illus-

trates that approximately 60 % of the total BBOA was re-

tained in the thermo-denuded particles on 15 June to match

the SMPS observations, given the fact that BBOA dominated

the total aerosol mass on 15 June (Fig. S6b, see details in

Supplement). However, the short residence time (1.9 s) of

ambient aerosol particles in the thermodenuder may result in

non-equilibrium measurements and thus overestimate low-

volatility aerosol mass (An et al., 2007; May et al., 2013).

A strong correlation between the thermo-denuded SMPS

aerosol volume and the estimated low-volatility aerosol mass

is observed for the entire sampling period (R2
= 0.93, blue

open circles in Fig. 5a) when all rBC and ∼ 60 % of the

total BBOA is assumed to remain after the thermodenuder.

The slope of the linear regression (blue dashed line) is

1.38 g cm−3, which can be interpreted as the average den-

sity of thermo-processed particles, assuming all particles

are spherical and internally mixed, and is similar to the

effective particle densities of biomass burning smoke ob-

served in recent laboratory chamber experiments (1.18–

1.45 g cm−3) (Li et al., 2015). In contrast, significant en-

hancement of rBC was not observed during the BB period

and rBC only has a weak correlation with the aerosol vol-

ume of thermo-processed particles for the entire sampling

period (R2
= 0.31, slope= 0.43 g cm−3, black solid circles

and dashed line in Fig. 5a). Note that particle mobility di-

ameter measured by SMPS is a function of particle shape

and morphology. The non-spherical and fractal structure of

rBC can lead to an underestimation of removal efficiency of

aerosol mass in the thermodenuder. Although it seems un-

likely, rBC mass alone may explain the observed aerosol vol-

ume of thermo-processed particles during the BB period only

if their effective density is less than 0.3 g cm−3.

The absorption of thermo-denuded aerosol at a wavelength

of 405 nm (Babs) was measured by the PASS-3 (Fig. S6d).

Similar to the case of aerosol volatility, the strong absorp-

tion characteristics observed during the BB period cannot be

explained by the presence of rBC alone, because the rBC

loading was roughly constant throughout the sampling pe-

riod (R2
= 0.33, black solid circles in Fig. 5b). The cor-

relation between thermo-denuded particles and aerosol ab-

sorption at 405 nm is improved significantly if low-volatility

BBOA (60 % of the total BBOA) is included in the calcu-

lation (R2
= 0.84, blue open circles in Fig. 5b). The slope

of the linear regression to these data (blue dashed line in
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Figure 5. (a) Correlation of the estimated total of non- and low-volatility aerosol mass (rBC+ 60 % of the total BBOA) and thermo-

denuded particle volume measured by the SMPS. (b) Correlations of aerosol absorption at 405 nm of thermo-denuded particles (Babs) and

the estimated total of non- and low-volatility aerosol mass.

Fig. 5b) is 2.02 m2 g−1, which can be interpreted as the aver-

age mass absorption efficiency (MAE) of thermo-processed

particles at 405 nm.

Our previous work reported that the absorption enhance-

ment attributable to lensing at 781 nm was not observed for

rBC during the BB period based on the PASS-3 measure-

ment (Healy et al., 2015). Furthermore, a recent study has

reported that the interference on absorption measurement due

to pyrolysed ambient organic aerosol in a thermodenuder op-

erated at 250 ◦C is minimal (Liu et al., 2015). Therefore,

these observations suggest that low-volatility BBOA com-

ponents could be a key contributor to BrC in the thermo-

denuded particles. Assuming the MAE of rBC (MAErBC)

from biomass burning ranged from 5.3 to 6.4 m2 g−1 (Lack

et al., 2012), the average MAE of low-volatility BBOA

(MAEBBOA) observed during the BBOA period is approx-

imately equal to 0.8–1.1 (±0.4) m2 g−1 based on a theoret-

ical closure calculation (i.e. absorption at 405 nm measured

by PASS-3=mrBC (MAErBC)+mBBOA (MAEBBOA), where

mi =mass concentration of species i), which is comparable

to MAE of primary organic aerosol emitted from biomass

burning (e.g. Lack et al., 2012, 2013). The above estima-

tion indicates that the low-volatility BBOA contributes ap-

proximately 33–44 % of thermo-processed particle absorp-

tion at 405 nm during the BB period. Furthermore, Healy

et al. (2015) showed that absorption of ambient and ther-

mally denuded particles at 405 nm are comparable during the

BB period, suggesting that almost all of the BBOA absorp-

tion was associated with low-volatility materials (Saleh et al.,

2014; Di Lorenzo and Young, 2016).

Lastly, it is particularly important to note that the ion frac-

tions of BBOA-2, BBOA-3, and BBOA-4 from the single-

particle measurements accounted for ∼ 61 % of the total

ion signal, which is equivalent to aerosol mass as most of

the observed BBOA particles are dominated by organics,

from all BBOA-related particle classes during the BB period.

This implies that medium to high molecular weight organic

compounds may contribute significantly to low-volatility

BrC (i.e. 60 % of the total BBOA) in the biomass-burning-

affected atmosphere.

4 Conclusions and atmospheric implications

This is the first study to quantify the mixing state of BBOA,

K+, and rBC in aged biomass burning plumes using the LS-

SP-AMS. BBOA-related particle types are composed of low

rBC mass (mfrBC 0.03–0.14). Even though K+ has been con-

sidered as a tracer of biomass burning aerosol particles, our

results demonstrate that K+ is not uniformly mixed in BBOA

and that over 80 % of BBOA particles observed here are

characterized by low K+ content (i.e. < 1 wt % by assum-

ing RIEK of 2.9). High molecular weight organic compounds

were clearly observed in some BBOA particles. A large frac-

tion of BBOA particles (BBOA-3 and BBOA-4) detected in

this study is composed of HMW organic compounds with

low rBC and K+ content.

Thermodenuder experiments indicate the presence of low-

volatility BrC in BBOA. Based on SMPS and aerosol

mass spectrometry measurements, we estimated that about

60 % of the total BBOA mass was retained in the thermo-

processed particles. This is consistent with recent observa-

tions, which demonstrated that laboratory-generated BBOA

particles could be composed of extremely low-volatility BrC

depending on the burning conditions and fuel types (Saleh

et al., 2014). Liu et al. (2015) also observed low-volatility

secondary BrC that was associated with large rBC particles

in wintertime in the UK. Notably, BBOA-2, BBOA-3, and

BBOA-4 accounted for ∼ 61 % of ion signals from BBOA-

related particle classes during the BB period, highlighting

that medium to high molecular weight organic compounds

may contribute significantly to low-volatility BrC. The av-

erage mass absorption efficiency of low-volatility BBOA is

about 0.8–1.1 m2 g−1 based on a theoretical closure calcula-

tion. The estimation indicates that the low-volatility BBOA
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contributes∼ 33–44 % of the thermo-processed particles’ ab-

sorption at 405 nm during the BB period, and almost all of

the BBOA absorption was associated with low-volatility or-

ganics. The observed non-uniform mixing state of BBOA in

terms of molecular weight also suggests that it may be inap-

propriate to assume uniform distributions of aerosol volatility

and absorption for BBOA particles.

The Supplement related to this article is available online

at doi:10.5194/acp-16-5561-2016-supplement.
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