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A B S T R A C T

Vegetation open fires constitute a significant source of particulate pollutants on a global scale and play an
important role in both atmospheric chemistry and climate change. To better understand the emission and aging
characteristics of smoke aerosols, we performed small-scale fire experiments using the Large Aerosol Chamber
(LAC, 1800m3) with a focus on biomass burning from Siberian boreal coniferous forests. A series of burn ex-
periments were conducted with typical Siberian biomass (pine and debris), simulating separately different
combustion conditions, namely, flaming, smoldering and mixed phase.

Following smoke emission and dispersion in the combustion chamber, we investigated aging of aerosols under
dark conditions. Here, we present experimental data on emission factors of total, elemental and organic carbon,
as well as individual organic compounds, such as anhydrosugars, phenolic and dicarboxylic acids. We found that
total carbon accounts for up to 80% of the fine mode (PM2.5) smoke aerosol. Higher PM2.5 emission factors were
observed in the smoldering compared to flaming phase and in pine compared to debris smoldering phase. For
low-temperature combustion, organic carbon (OC) contributed to more than 90% of total carbon, whereas
elemental carbon (EC) dominated the aerosol composition in flaming burns with a 60–70% contribution to the
total carbon mass. For all smoldering burns, levoglucosan (LG), a cellulose decomposition product, was the most
abundant organic species (average LG/OC=0.26 for pine smoldering), followed by its isomer mannosan or
dehydroabietic acid (DA), an important constituent of conifer resin (DA/OC=0.033). A levoglucosan-to-man-
nosan ratio of about 3 was observed, which is consistent with ratios reported for coniferous biomass and more
generally softwood.

The rates of aerosol removal for OC and individual organic compounds were investigated during aging in the
chamber in terms of mass concentration loss rates over time under dark conditions and compared to the loss rate
of EC. The latter is used as an inert tracer for estimating aerosol mechanical deposition and wall losses of the
otherwise chemically conserved aerosol species. The OC/EC ratio increased with smoke aging for the flaming
phase, suggesting a production/partitioning of organic compounds after emission. On the other hand, for
smoldering burns OC/EC ratios decreased further with aging due to additional sinks of OC, other than those
related to deposition and wall losses alone, such as evaporation of semi-volatile compounds. The chemical
fingerprints of the major PM components of fresh and aged smoke found in this study are proposed to be used for
the assessment of contributions from Siberian biomass burning to atmospheric pollution in source apportion-
ment studies like those using molecular marker approaches.

1. Introduction

Biomass burning is known to be a major contributor to the global

budget of aerosols (Amiridis et al., 2012; Bond et al., 2013; Kasischke
and Penner, 2004). It releases into the atmosphere particulate species
such as black carbon (BC) and organic carbon (OC), and it is considered
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an important contributor to radiative forcing of climate. Arctic climate
is especially BC-sensitive because of the impact of its deposition on
snow, accelerating the icecap melting and changing the surface albedo
(AMAP, 2012). The direct and indirect impacts of BC aerosols induce
the highest uncertainty amongst climate active species with respect to
temperature changes, radiative forcing, and cloud formation (Boucher
et al., 2013; Koch et al., 2009; Popovicheva, 2010).

Siberia is one of the world's major boreal forest fire areas (Damoah
et al., 2004; Lee et al., 2005; Stocks et al., 1998). Smoke pollution
plumes from Siberian forest fires can be transported over hundreds of
kilometers, often approaching the Arctic coast at approximately 70 °N
(Paris et al., 2009), as well as southwards towards the Mediterranean
sea (Diapouli et al., 2014), and have been identified as a major source
of climate-relevant species emitted at northern latitudes (Lavoué et al.,
2000). Significant contribution to springtime Arctic aerosols from fires
in Russia was demonstrated when biomass burning (BB) plumes in-
creased the atmospheric burden of BC and OC 2.6 times above the
Arctic Haze background (Warneke et al., 2009). Long-range transport of
Siberian BB has significantly influenced the chemical composition of
carbonaceous aerosols globally: in the western North Pacific rim
(Agarwal et al., 2010) and North East Greenland (Nguyen et al., 2013).

Physico-chemical characteristics of BB aerosols are highly variable.
Much of the variance in the particle emissions and chemical composi-
tion is due to the phase of burning (that is, flaming versus smoldering)
and the ecosystem characteristics (type of biomass, fuel moisture, soil
properties, temperature, etc.) (Reid et al., 2005). Slow and low-tem-
perature smoldering fires (flameless form of combustion) yield a sub-
stantially higher conversion of a fuel to toxic compounds than does
flaming combustion (Alves et al., 2016; McKenzie et al., 1995;
Morawska and (Jim) Zhang, 2002). Such fires produce brown carbon
(BrC) that consists largely of weakly light-absorbing resinous organic
carbon aerosols (Popovicheva et al., 2017). Increasing the oxygen
supply leads to higher temperatures and flaming combustion, which
produces particulate matter (PM) with a lower OC and higher BC
content, the latter being a strongly light-absorbing component. Re-
gional smoke plumes result from numerous mixed phase fires where the
relative amount of flaming versus smoldering burns is poorly char-
acterized. Due to the mixing of these two different types of thermal
decomposition, the climatic impact of biomass burning remains rather
uncertain.

Despite concerns about the climatic impact and environmental ha-
zards related to millions of tons of PM emitted by wildfires, observa-
tions of aerosol chemical composition and BC in Siberia have been re-
ported for a limited number of sites (Kozlov et al., 2008; Kuokka et al.,
2007; Paris et al., 2009). During forest fire episodes, most of the aerosol
mass appears to consist of organic particulate matter with high con-
centrations of BB markers such as levoglucosan, oxalate and potassium
(Kuokka et al., 2007). A few measurement campaigns during experi-
mental fires were undertaken to address sub-Arctic boreal forest fire
emissions (Samsonov et al., 2012). According to their findings, the mass
of total emitted PM represented about 1–7% of consumed biomass, and
consisted to 77% of organic substances, 8% of elemental carbon (EC),
and 6% of inorganic species.

The OC fraction of biomass burning aerosols is dominated by car-
bohydrates (Reid et al., 2005). Among them, some monosaccharides,
which are the simplest carbohydrates in that they cannot be hydrolyzed
to smaller carbohydrates, have been identified as molecular markers of
biomass burning (Puxbaum et al., 2007; Simoneit et al., 1999; Ward
et al., 2006). This is the case of anhydrosugars (levoglucosan and its
stereoisomers mannosan and galactosan) which are present in com-
bustion products from biomass containing cellulose and hemicellulose
and which tend to be adsorbed to aerosols because of their low vola-
tility (Kirchgeorg et al., 2014; Simoneit et al., 1999). Other compounds,
such as phenolic acids, which are lignin breakdown products, have also
been used as proxy for biomass burning (Alves et al., 2010). Moreover,
dehydroabietic acid is a product of the thermal decomposition of

diterpenoids, which are important biomarker constituents of conifer
resins (Oros and Simoneit, 2001b). Simoneit et al. (1999) reported that
the burning of Douglas fir, Lodgepole pine, Ponderosa pine, Sitka
spruce and Western white pine emit more dehydroabietic acid than
levoglucosan. Thus, this resin acid has been proposed as a potential
molecular marker specifically for combustion of Gymnosperm (con-
ifers) (Alves et al., 2016; Simoneit et al., 1999, 2000). Aliphatic diacids,
(from C2 to C10), unsaturated diacids, ω-oxocarboxylic acids and α-di-
carbonyls are also products of biomass burning (Kawamura et al., 2013;
Kawamura and Bikkina, 2016). While these acids have been measured
in ambient air in many different places (including some areas domi-
nated by certain emission sources), there have been few source emis-
sion (e.g., chamber) measurements. Therefore, it is of interest to
quantify these species under controlled combustion conditions. Many
trace elements, mostly alkali earth metals (carbonates), dominate the
inorganic fraction in fly ash with large impact of soil evolving by in-
tensive fires (Kavouras et al., 2012; Popovicheva et al., 2016a). Water-
soluble ions (potassium, halides, sulfates) are also produced by de-
composition of biomass and subsequent condensation in the smoke
plume.

Following emission, smoke particles are subject to physico-chemical
processes in the plume that can alter their properties. Dynamic changes
in particle concentration and size may increase aerosol mass loadings in
the smoke plume, and heterogeneous reactions in humid conditions
produce more water-soluble inorganic salts (Li et al., 2015). Ad-
ditionally, secondary organic aerosol (SOA) formation in the smoke
plume can occur, while it becomes significant especially when solar
radiation can induce photochemical reactions (Popovicheva et al.,
2014; Reid et al., 2005; Tiitta et al., 2016). These changes in the par-
ticle properties can alter the direct and indirect effects of BB, impacting
single scattering albedo and hygroscopicity.

In view of the difficulty of accounting for all the variability in
particle emissions from natural biomass fires, combustion chamber
experiments have been performed allowing for measurement of fire-
integrated smoke properties from a single fuel type under conditions
simulating the entire burning process, i.e., from ignition to smoldering
through flaming. In the Fire Lab at Missoula Experiments (FLAME), a
series of open biomass burning experiments were performed to derive
emission factors of PM for 33 different plant materials that are fre-
quently consumed by wildfires in the U.S (Carrico et al., 2010; Engling
et al., 2006b; Hosseini et al., 2010; Levin et al., 2010; McMeeking et al.,
2009). A detailed chemical characterization of particle emissions from
the combustion of European conifer species, savannah grass, African
hardwood, and German and Indonesian peat has also been performed
by Iinuma et al. (2007). Such studies were lacking for typical Siberian
closed-canopy coniferous forest biomass, despite the frequency and
intensity of forest fires in this region and the environmental hazards
related to the impact on Arctic climate.

In that context and to fill the gaps in available data on particulate
emissions and smoke chemistry of fires specific to the Siberian boreal
region, typical Siberian biomass (pine and debris) were burned in the
Large Aerosol Chamber (LAC) of the Institute of Atmospheric Optics
Russian Academy of Sciences (Tomsk, Siberia). The originality of our
approach resides in the fact that experiments were conducted under
controlled combustion conditions to simulate separately flaming,
smoldering and mixed burning phases. A comprehensive optical and
microstructural analysis showed that the temperature regime of com-
bustion plays a key role in the formation and time evolution of smoke
(Popovicheva et al., 2015). Smoldering fires produced particles with
high OC while flaming fires produced a high EC content and soot ag-
glomerates. Individual particle analysis of smoke microstructure was
used to apportion the particles into major characteristic groups: Soot
and Organic, which accounted for about 90% and 60% of total particle
numbers emitted from the flaming and smoldering fires, respectively.
Extended individual particle analyses also revealed the hygroscopicity
of smoke aerosol (Popovicheva et al., 2016b).
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Studies in the LAC, as well as in the other combustion chambers
mentioned above, were performed in dark conditions. Simulating sun-
light source in the combustion chamber has the advantage of enabling
the study of photochemical aging. In a few smog chamber studies, this
was done by exposing the diluted emission plume to UV light (Grieshop
et al., 2009; Hennigan et al., 2010, 2011; Hoffmann et al., 2010). Still,
simulations of small-scale fires under controlled combustion conditions
in the dark provide us with fundamental knowledge about the pro-
cesses, smoke characteristics and aging in the atmosphere at night time
(Li et al., 2015).

Here, we continue studies in the Large Aerosol Chamber and focus
on the comprehensive characterization of chemical composition of
smoke aerosols under well-controlled combustion conditions. Total
carbon, OC, EC, and selected organic molecular markers including di-
carboxylic acids, oxoacids, α-dicarbonyls and related compounds in
PM10 and PM2.5 samples were measured in flaming, smoldering and
mixed phases. Emission ratios (related to OC) as well as emission fac-
tors (related to fuel consumed) from small-scale fires of Siberian forest
pine wood and debris are determined. Furthermore, aging of smoke
particles following the emission is investigated in order to assess the
transformation of the aerosol chemical properties under dark condi-
tions.

2. Methods

2.1. Experimental fires

Small-scale fires were conducted in the Large Aerosol Chamber
(LAC), an isolated hermetically tight oblong chamber of a total volume
of 1800m3 (25m length, 10m diameter). The inside walls were cov-
ered by thermo-isolated material of 15 cm thickness for maintaining an
internal temperature independent of external conditions. One main
advantage of the LAC chamber is that wall losses are minimized due to
its very large volume. Indeed, large chambers reduce chamber surface
area-to-volume ratios, thereby minimizing wall effects such as removal
of gas-phase species and deposition of particles on the wall of the
chamber (Cocker et al., 2001). A detailed description of the combustion
chamber is given in Popovicheva et al. (2015).

The fuels used were Scots pine wood (Pinus sylvestris L.) and debris
(mixture of pine needles, branches, cones), which are common wildland
biomass from Siberian boreal coniferous forests. Fire experiments were
designed to simulate individual combustion events that proceed from
ignition through flaming or smoldering combustion. One oven (8 L
volume) was used to simulate low temperature combustion. Smoldering
was achieved by igniting the fuel when temperatures were approaching
400 °C and was maintained by limiting excess oxygen, while visually
ensuring absence of open flames. In a second oven (5 L volume),
flaming was conducted by igniting the fire at a temperature ap-
proaching 700 °C. In order to better represent wildfires characterized by
a changing flaming and smoldering processes, mixed combustion phase
was also simulated. To this end, both ovens were used simultaneously
for burning one half of total mass of a given fuel in smoldering and the
other half in flaming phase. This approach has a strong advantage; it
allows distinguishing the burning conditions, removing the un-
certainties resulting from fire-integrated smoke interpretation and
studying independently the impact of the combustion phase on smoke
aerosol properties.

200-400 g of fuel was used in each controlled burn. Both types of
biomass had been stored indoor. A fuel moisture content of 12.4% of
mass for debris and 6.8% for pine wood were achieved, representing
wildfire fuel moisture during drought episodes. Fuel moisture was de-
termined by heating a fuel sample at 100 °C and measuring the mass
loss.

The smoke from each burn was allowed to fill the chamber and
remained there for a period of 48 h, in order to study the smoke time
evolution. Upon entering the chamber, the smoke was rapidly diluted

and cooled to room-air temperatures, i.e., 20–23 °C. Relative humidity
of the air inside the LAC remained relatively constant, in the range of
20–40%, during the whole combustion experiment. After uniform
filling. i.e., within 2 h, the dilution ratio of the smoke inside the
chamber relative to the smoke inside the ovens was between 1.4× 105-
3.6× 105, consistent with highly diluted conditions as found in am-
bient plumes downwind of a point source (Donahue et al., 2006). Initial
particle mass concentrations inside the chamber ranged between 4000
and 20,000 μgm−3 depending on the type and mass of fuel used and the
combustion temperature.

2.2. Sampling

Distinction between coarse and fine PM fractions is of fundamental
importance because it reflects differences in the nature, origin, and
environmental fate of aerosols. In order to separate fine and coarse
particles, two sampling inlets (Digitel, CH) for sampling particulate
matter with aerodynamic diameters less than 10 (PM10) and 2.5 μm
(PM2.5) were used for each burn. The sampling line consisted of 2-m
long stainless steel tube, whose inner diameter was 25mm. PM2.5/PM10

inlets were extended horizontally at a distance of 2.5m from the
chamber wall towards the central part of the chamber. Particles were
collected at a stable flow rate of 1m3 h−1. For some burns, total sus-
pended particles (TSP) were collected instead of PM10. Aerosol was
collected on quartz fiber filters (Pallflex, 47 mm) for the quantification
of OC, EC and total carbon (TC = OC + EC), as well as individual
organic compounds.

After ignition of biomass, aerosol scattering, which is related to
smoke particle mass concentration (Kozlov et al., 2014), was steadily
rising and reached maximum values typically within 2 h. At this time,
smoke had homogeneously filled the chamber and the first sampling
operation begun. Smoke particles collected at this point were termed as
“fresh”. To evaluate the time evolution of “aged” smoke, additional
sampling was performed 24 h and 48 h after fire ignition, when the
smoke mass concentration in the chamber had significantly decreased.
Filter loading was controlled by visual inspection in order to obtain a
light-grey color. Based on gravimetric measurements, filter loadings
were estimated at approximately 1 μg of particle mass. Depending on
conditions, sampling time varied between 2min and 1 h.

The chamber remained closed without light exposure during smoke
evolution. Outside air was conditioned for temperature and humidity
and pumped into the chamber prior to each burn. Samples were stored
in a refrigerator and analyzed a posteriori in a chemical laboratory.

In total, six different combinations of combustion phases and bio-
mass types were performed, and for most of them several replicates
were performed in order to investigate the burn-to-burn variability of
the combustion process (Table 1). Two filters for PM2.5 and two filters
for PM10 (or TSP) were collected during the 2nd, 24th and 48th hour of
each experiment. The first filters were used for EC/OC measurements,
while different punches from the second ones were used for the dif-
ferent chemical analysis. In total, about 100 filters were collected.

2.3. Analytical methods

2.3.1. EC/OC/TC
Organic carbon (OC) and elemental carbon (EC) concentrations

were determined on quartz fibre filters by thermal–optical transmit-
tance (TOT) method, using a Lab OC-EC Aerosol Analyzer (Sunset
Laboratory, Inc.). A NIOSH-like protocol with a maximum temperature
of 840 °C in the He-mode was applied (Peterson and Richards, 2002). A
comparative analysis of the three most widely used protocols, NIOSH,
EUSAAR2 (Cavalli et al., 2010) and IMPROVE_A (Chow et al., 2007),
was performed on a subset of 12 filters. As illustrated in Fig. 1, good
agreement of the OC and EC concentrations measured by the different
protocols was observed, confirming the suitability of the NIOSH pro-
tocol for the determination of the EC/OC content of the studied biomass
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burning samples.

2.3.2. Carbohydrates
Quantification of selected carbohydrates, namely, levoglucosan,

mannosan, galactosan, as well as mannitol and arabitol was performed.
Sample preparation for measurement included the extraction of a punch
(2.2 cm2) of each quartz filter with 3.0mL ultra-pure deionized water
(> 18.2MΩ resistivity) under ultrasonic agitation for 60min. The
aqueous extracts were filtrated through Teflon syringe filters (0.45 μm
pore size) to remove insoluble materials including quartz filter debris.
The extract solutions were stored at 4 °C until sample analysis.
Carbohydrates were quantified by high-performance anion exchange
chromatography with pulsed amperometric detection (HPAEC-PAD) on
a Dionex ICS-3000 system (Dionex, Sunnyvale, CA, USA). Separation of
the individual carbohydrate species was achieved with a Dionex
CarboPac MA1 analytical column preceded by a CarboPac MA1 guard
column with an aqueous sodium hydroxide (NaOH, 480mM) eluent at a
flow rate of 0.4 mLmin−1. All carbohydrates were below detection
limits in blank samples. Additional information about the HPAEC-PAD
method can be found elsewhere (Iinuma et al., 2009).

2.3.3. GC-FID speciation
Filter samples were analyzed for a series of dicarboxylic acids, ox-

ocarboxylic acids and α-dicarbonyls (Table 2) using a capillary gas
chromatograph (GC) equipped with a flame ionization detector (FID)
following the techniques of (Kawamura and Ikushima, 1993) and
(Kawamura, 1993). First, an aliquot of filters was extracted with

organic-free pure water (5 mL x 3) and the extracts were adjusted to
pH=8.5–9.0 using 0.05M KOH solution and then concentrated to
dryness using a rotary evaporator under vacuum and nitrogen blow
down system (Deshmukh et al., 2016). The extracts were then deriva-
tized with 14% BF3 in n-butanol to convert carboxyl groups to butyl
esters and oxo and aldehyde groups to dibutoxy acetals. The derivatives
were finally dissolved in n-hexane and injected into a capillary gas
chromatograph equipped with flame ionization detector (GC-FID) for
the determination. The GC was equipped with a split/splitless injector
and HP-5 fused silica capillary column (Kawamura et al., 2013). The
uncertainties of the GC-FID determination for the major species
were±10%. The data reported here were corrected for laboratory
blanks.

2.3.4. GC-MS analysis
For the analyses of additional polar organic compounds, such as

some organic acids, an aliquot of the filter samples was extracted with a
mixture (10mL) of dichloromethane and methanol (2:1). After the
concentration, the extracts were reacted with 50 μL of N,O-bis-(tri-
methylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylsilyl chloride
and 10 μL of pyridine for 3 h at 70 °C to convert OH groups to tri-
methylsilyl (TMS) ethers and carboxylic acids to TMS esters. After the
reaction, the derivatives were diluted by the addition of 140 μL of n-
hexane containing internal standard (C13 n-alkane, 1.43 ng μL−1) prior
to the determination by gas chromatography-mass spectrometry (GC-
MS). GC-MS analyses of the derivatized fraction were performed on a
Hewlett-Packard model 6890 GC coupled to a Hewlett-Packard model
5973 MSD. The GC was equipped with a split/splitless injector and a
DB-5ms fused silica capillary column (30m×0.25mm i.d., 0.25 μm
film thickness). The GC oven temperature was programmed from 50 °C
(2min) to 120 °C at 15 °C min−1 and then to 300 °C at 5 °C min−1 with
a final isothermal hold at 300 °C for 16min. The MS was operated in the
electron impact ionization (EI) mode at 70 eV and scanned from 50 to
650 Da. Data were acquired and processed with the Chemstation soft-
ware. For more details, please see Simoneit et al. (2004) and Fu et al.
(2008).

2.4. Emission ratios and emission factors calculation

Absolute concentrations in smoke plumes represent the degree of
dilution of combustion products in ambient air. Therefore, emission
ratios and emission factors have been calculated for all particulate
species measured. Emission ratios (ER) relate the emission of any specie
X to that of a reference specie, such as organic carbon (OC) (McMeeking
et al., 2009):

=ER X X
OC

( ) [ ]
[ ] (1)

Table 1
Combinations of combustion phase and biomass in LAC burns.

N◦ Type of burning
phase

Biomass Replicates Sampling time (hours after
ignition)a

1 Smoldering (400 °C) Pine a 2, 24, 48
b 2
c 2, 24

2 Flaming
(700 °C)

Pine a 2
b 2, 24, 48
c 2

3 Mixed
(700 °C & 400 °C)

Pine a 2, 24, 48
b 2
c 2

4 Smoldering
(400 °C)

Debris a 2
b 2
c 2, 24, 48
d 2

6 Flaming
(700 °C)

Debris a 2
b 2
c 2
d 2

a Hours after ignition: 2-h: fresh, 24- and 48-h: aged.

Fig. 1. Scatter plots and regression analysis of EUSAAR2 (empty circles) and IMPROVE_A (black circles) protocols against the NIOSH protocol, for EC (left) and OC
(right) measurements by thermal–optical transmittance (TOT) method performed on a subset of 12 filters.
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The emission ratio is a very useful and critical parameter for any
trace compound from BB, since it enables the comparison between la-
boratory-based measurements and can be applied for estimating BB
contributions in field observations.

In our study, the emission factor EF(X) of each measured compound
X, expressed in g kg−1, represents the quantity emitted per unit of fuel
dry mass. We calculated the mass of aerosol species emitted during the
chamber burns by multiplying mass concentrations [X], expressed in g
m−3, determined from filter measurements by the total volume of the
chamber (Vchamber, in m3). This approach assumes that smoke is well
dispersed and is homogeneously filling the chamber. It is then possible
to calculate the emission factor, knowning the fuel dry mass (Mdry_fuel)
burned, as:

=
×EF X X V

M
( ) [ ] chamber

dry fuel (2)

2.5. Reconstruction of PM concentrations

Total PM2.5 mass concentrations in chamber simulations were
computed by summing the mass concentration of EC, organic matter
(OM) and inorganic species.

∑= + +PM estimated EC OM inorganic species( )2.5 (3)

The concentration of particulate OM was estimated by multiplying
the measured concentration of OC by a conversion factor f accounting
for associated O, H, N and other elements, from the C mass con-
centrations attributed to OC. This factor, which is an estimate of the
average molecular weight per carbon weight for the organic aerosol

exhibits a great variability depending on conditions of emission and
atmospheric transformation. Values within the range of 1.4–1.8 have
been suggested for biomass burning aerosols by Reid et al. (2005),
whereas Turpin and Lim (2001) found that values below 1.4 are likely
non-realistic and recommend values as high as 2 for wood smoke
aerosols. Here, a conversion factor of 2 was therefore used to compute
the total organic mass concentration. From indicative ion chromato-
graphy analysis, inorganic species were found to represent 1–5% of
PM2.5 mass. Bearing in mind the uncertainties related to the f factor,
reconstructed PM emission factors, EF(PM2.5) and EF(PM10) have to be
considered here as an approximation.

3. Results & Discussion

3.1. Fresh smoke emissions

3.1.1. Particulate mass emissions
PM2.5/PM10 ratios (where PM10 = PM10 or TSP) range between 0.8

and 1 (Table 3), confirming that total aerosol mass is dominated by
particles in the sub-2.5 μm diameter size range, as reported previously
for other biomass burning emissions (Kleeman et al., 1999; McMeeking
et al., 2009; Ward and Hardy, 1991). Averaged emission factors over a
few replicates for reconstructed PM2.5 and PM2.5/PM10 ratios are pre-
sented in Table 3. EF(PM10) and EF(PM2.5) range from 15 to 75 and
9–61 g kgfuel−1, respectively, depending on the burning phase and type
of fuel. Highest emission factors of PMx (where X=10, 2.5) are ob-
served for the Pine/Smoldering combination, whereas the lowest
emission factors are observed for the Debris/Flaming one. For pine, EF
(PMX) in the smoldering phase are on average 5 times higher than in the

Table 2
List and abbreviations of dicarboxylic acids, keto-carboxylic acids and alpha-dicarbonyls measured.

DI-CARBOXYLIC ACIDS

Saturated n-dicarboxylic acids Branched dicarboxylic acids Unsaturated dicarboxylic acids Oxodicarboxylic acids

C2 oxalic iC4 methylmalonic M maleic hC4 malic
C3 malonic iC5 methylsuccinic F fumaric kC3 ketomalonic
C4 succinic iC6 2-ethylglutaric mM methylmaleic kC7 ketopimelic
C5 glutaric Ph phthalic
C6 adipic iPh isophthalic
C7 pimelic tPh terephthalic
C8 sebacic
C9 azelaic
C10 decanedioic
C11 undecanedioic
C12 dodecanedioic
KETO-CARBOXYLIC ACIDS
C2ω 2-oxoethanoic (glyoxylic)
C3ω 3-Oxopropanoic
C4ω 4-oxobutanoic
C5ω 5-oxopentanoic
C7ω 7-oxoheptanoic
C8ω 8-oxooctanoic
C9ω 9-oxononanoic
Pyr pyruvic
α-DICARBONYLS
Gly glyoxal
MeGly methylglyoxal

Table 3
Average (± standard deviation) emission factors (g kgfuel−1) for PM2.5, EC, OC and TC, as well as PM2.5/PM10, OC/EC, and OC/TC ratios for each fuel/burning
phase combination.

Fuel/burning phase PM2.5 EC OC TC PM2.5/PM10 OC/EC OC/TC

Debris Smoldering 9.10 ± 1.6 <0.1 ± 0.1 4.1 ± 0.4 4.1 ± 0.4 0.6 93.6 ± 21.4 1.0 ± 0.0
Debris Flaming 12.0 ± 1.8 6.1 ± 1.7 3.3 ± 0.6 9.4 ± 2.0 0.9 0.6 ± 0.1 0.4 ± 0.1
Pine Smoldering 60.7 ± 4.6 0.1 ± 0.0 28.7 ± 1.5 28.9 ± 1.5 0.8 203.2 ± 5.8 1.0 ± 0.0
Pine Flaming 12.3 ± 4.0 6.9 ± 2.2 3.3 ± 2.7 10.2 ± 4.1 0.8 0.5 ± 0.3 0.3 ± 0.1
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flaming phase, reflecting the difference in combustion efficiency. EF
(PMx) are less diverse between smoldering vs flaming phases when
burning debris. Our results are in agreement with precedent studies
reporting an increase in the PM2.5 emission factor with decreasing
combustion efficiency, that is with increasing relative amounts of
smoldering combustion (McMeeking et al., 2009; Reid et al., 2005;
Zepp et al., 1992). Based on a literature review of biomass burning
emissions, including a large number of plant species and ecosystems
(boreal, temperate and some tropical forests) and from measurements
in a variety of environments (from laboratory burns, ground-based fire
towers, and aircraft measurements), Reid et al. (2005) estimated
average fine aerosol emission factors of about 9 and 34 g kgfuel−1, re-
spectively, for flaming and smoldering combustion measurements, with
relative standard deviations higher than 75%. This high variability has
been attributed to the combination of different factors such as fuel
type/characteristics, fire size/intensity and sampling bias. From the
open combustion of different plant species during a series of controlled
laboratory burns during the FLAME experiment, emission factors were
also calculated for 33 different types of plant material (McMeeking
et al., 2009). Average EF(PM2.5) over various biomass species were 18
and 68 g kgfuel−1 in flaming and smoldering phases, respectively, which
is in agreement with the differences found in our experiments, re-
flecting the respective combustion efficiencies. Experimental fires were
also conducted in boreal forests of pine and larch mixed wood in central
Siberia in order to quantify particulate emissions from sub-Arctic fires
burning (Samsonov et al., 2012). According to these findings, EF(PM2.5)
ranged between 10-30 and 10–70% g kgfuel−1 during flaming and
smoldering forest fires, respectively.

3.1.2. Carbonaceous fractions
Ratios of OC (as well as EC and TC) in PM2.5 versus in PM10 termed

as OC(PM2.5)/OC(PM10) (similarly for EC and TC) are illustrated in Fig. 2.
The graph represents the average and standard deviation values for

all burns performed in smoldering and flaming phases, independently
of the type of fuel used. The ratio between OC (as well as EC and TC) in
PM2.5 and PM10 typically varies between 0.8 and 1. This suggests no
significant differences between the carbon fraction composition of the
fine and coarse aerosols for smoldering and flaming burns. In view of
these results, only PM2.5 measurements will be reported for the carbon
fractions in the following discussion.

Varying EF (TC) and OC/EC ratios are observed depending on the
combustion phase and type of fuel burned (Fig. 3).

When burning pine, TC emission factors range between 25 and 40 g
kgfuel−1 in the smoldering phase, while flaming phase results are 2–5
fold lower. EF (TC) for pine is higher than for debris. Also, while
burning debris, no significant differences are observed for different
combustion phases.

For low-temperature combustion, PM is dominated by OC. Under

those conditions, the OC-to-EC ratio ranges from 10 to 100 and from
100 to 300 for debris and pine, respectively. In other words, OC con-
tributes to more than 90% of TC in emissions from both fuels in the
smoldering phase. However, a decrease in OC/EC ratios with increasing
combustion temperature is observed, which is consistent with pre-
viously reported results (Alves et al., 2011; Kocbach Bølling et al.,
2009). In mixed phase burns, OC still dominates the emissions, while
the OC/EC ratio has decreased by more than an order of magnitude in
comparison with the smoldering phase. More precisely, in the mixed
phase burns, OC/EC ratios ranged from 5.8 to 7.2 when burning pine.
These ratios fall within the range of values reported by Samsonov et al.
(2005) in smoke samples from experimental fires in central Siberian
Scots pine forests, which supports the fact that the “mixed” mode used
in this study simulates reasonably well the conditions that can be found
during typical open fire events in the area. In the flaming phase, OC/EC
ratios are constantly below 1, indicating that EC dominates the carbon
emissions. It is noteworthy to mention that in the smoldering phase the
TC as well as the OC fraction is significantly higher when burning pine
compared to debris, whereas in flaming burns they are similar for both
types of wood.

3.1.3. Organic biomarkers
Emission factors of the compounds identified in smoke from burning

pine and debris are given in Table 4. The main organic components
found in the smoke particles are saccharide derivatives from the
breakdown of cellulose in biomass, phenolic acids from the breakdown
of lignin in biomass, accompanied by generally lesser amounts of
straight-chain dicarboxylic acids.

Total saccharides are an important group of organics in the smoke
emissions, comprising 67% and 11% of the total OC emissions when
burning pine and debris, respectively, in the smoldering phase. Much
lower contributions of saccharides to the OC emissions (< 0.3%) were
found during the burns in flaming phase.

Among saccharides, we distinguish primary sugars, sugar alcohols
(polyols) and anhydrosugars (also termed monosaccharide anhydrides)
typically derived from wood smoke (Caseiro et al., 2007). As expected,
primary sugar concentrations fell below the detections limits, since they
are typically at very low abundance in biomass smoke. Sugar alcohols,
such as arabitol and mannitol, were found to be emitted only in the
smoldering phase of pine and debris, and in much lower quantities than
the other measured saccharides.

Emission ratios relative to OC of stereoisomeric anhydrosugars are
presented in Fig. 4. For each experiment, levoglucosan (LG) comprises
the largest fraction of emitted saccharidic compounds followed by its
two isomers, mannosan (MN) and galactosan (GN). The LG-to-OC
emission ratio exhibits a great variability depending on the type of
biomass burned (see Fig. 5) and combustion conditions. Levoglucosan
mass represents about 25% of OC on a mass basis when burning pine in
smoldering phase, while it represents only about 5% of OC mass when
burning debris in similar temperature conditions. Substantial

Fig. 2. Average OC(PM2.5)/OC(PM10), EC(PM2.5)/EC(PM10), and TC(PM2.5)/TC(PM10)

ratios for all burns in smoldering (empty squares) and flaming (filled circles)
conditions. Error bars represent the standard deviation of the mean.

Fig. 3. TC emission factors (left panel) and OC/EC emission ratios (right panel)
in PM emitted from smoldering, flaming and mixed phases using pine (red
circle) and debris (green cross). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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differences by more than an order of magnitude in the emission ratios
are also observed between flaming and smoldering phases, with higher
emission ratios of anhydrosugars in the smoldering phase. Similar
variability is observed for its isomers, although the emitted amounts of
mannosan and galactosan are substantially lower compared to le-
voglucosan. This is the reason why levoglucosan is usually preferred as
molecular marker of wood smoldering combustion (Engling et al.,
2006a; Fraser and Lakshmanan, 2000; Giannoni et al., 2012; Iinuma
et al., 2009; Pashynska et al., 2002; Puxbaum et al., 2007).

Because levoglucosan, mannosan, and galactosan are emitted in
different relative abundance depending on combinations of burn phase

and fuel, the LG/MN (or LG/(MN + GN)) ratio can be used to trace the
type of biomass burned. As these compounds are relatively stable in the
atmosphere, their emission ratios can also be compared with observed
ambient ratios in the atmosphere. From previous chamber experiments
(see Fig. 6) it has been found that the LG/MN ratio is in the range of
2.5–6.7 for softwood, while a significantly higher ratio (mean value:
26.7) has been suggested for hardwood (Cheng et al., 2013; Fabbri
et al., 2009; Fine et al., 2002, 2004; Schmidl et al., 2008). In our study,
a LG/MN ratio of about 3 is observed for smoldering and mixed con-
ditions (for both pine and debris) and of about 2 for flaming which is
consistent with the previously reported ratios for softwood (Jung et al.,

Table 4
Emission factors in mg kgfuel−1 for saccharides (primary sugars, anhydrosugars, sugar alcohols), dehydroabietic acid, phenolic acids, dicarboxylic acids and related
compounds as well as fatty acids in various combinations of fuel and combustion phase.

Debris smoldering Debris flaming Pine smoldering Pine flaming

• Saccharides:
Primary sugars (mono and di-saccharides)

Fructose < LODa −b – <LOD
α-Glucose < LOD – – <LOD
Sucrose < LOD – – <LOD
Trehalose < LOD – – <LOD
Anhydrosugars

Levoglucosan (LG) 301 ± 187 12.7 ± 3.59 7590 ± 336 4.39
Mannosan (MN) 107 ± 59.6 <LOD 2430 ± 41.1 <LOD
Galactosan (GN) 60.1 ± 36.6 <LOD 405 ± 1.39 <LOD
LG/MN 2.74 ± 0.17 – 3.13 ± 0.085 -
LG/(MN + GN) 1.77 ± 0.08 – 2.68 ± 0.078 –
Sugar alcohols

Arabitol (A) 3.31 ± 0.74 <LOD 63.4 ± 8.82 <LOD
Mannitol (M) 3.11 ± 3.20 <LOD 36.6 ± 4.56 <LOD
A/M 0.98 – 0.588 ± 0.27 -
Inositol 0.43 – – <LOD
Erythritol 13.8 – – <LOD
Glycerol 27 – – 19.4
EF (Total Saccharides) 475 12.7 10520 4.39

• Abietic-type acid (resin acid):
Dehydroabietic acid 306 20.0 954 0.68

• Phenolic & aromatic acids:
Syringic acid (O-methylated trihydroxybenzoic acid) < LOD <LOD <LOD <LOD
Vanillic acid (4-hydroxy 3 methoxybenzoic acid) 4.25 < LOD 245 < LOD
4-Hydroxybenzoic acid 2.67 < LOD 11.2 < LOD
Benzoic acid 62.3 – – 29.6

• Dicarboxylic acids:
saturated dicarboxylic acids 66.9 48.92 307 14.7
branched dicarboxylic acids 4.00 0.00 4.59 1.73
unsaturated dicarboxylic acids 73.3 22.22 58.9 15.7
Oxodicarboxylic acids 0.00 5.01 1.04 0.88

EF (dicarboxylic acids) 144 76 372 33.1

• Keto-carboxylic acids 2.55 0.00 48.2 0.63

• α-Dicarbonyls 12.1 4.11 48.3 3.85

• Fatty acids 98.7 38.9 12.8 25.6

Standard deviations are given when replicates are available; see Table 1.
a LOD is limit of detection.
b “-” means there are no available measurements.

Fig. 4. Emission ratios (ER) of anhydrosugars relative to OC, as well as LG/MN ratios in smoldering (Smold), mixed (Mix), and flaming (Flame) phases.
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2016). Similar ratios between 2.7 and 3.5 have been reported in conifer
smoke for Apache pine, Douglas fir and Eastern White pines (Oros and
Simoneit, 2001b). The ratio determined in our study for smoldering
(and mixed) combustion phases is also very similar to the value of 3.4
measured in smoke plumes from Siberian forest fires (Jung et al., 2016).

Dehydroabietic acid is often found to be the second most abundant
organic species following levoglucosan. From our study, it appears that
dehydroabietic acid is emitted in similar quantities to levoglucosan
when burning debris under smoldering conditions, while its emission
factor is 3 times lower than that of levoglucosan when burning pine
(Table 4). The highest EF of dehydroabietic acid was obtained for pine
wood in smoldering conditions.

Among phenolic biomarkers, vanillic (4-hydroxy-3-methox-
ybenzoic) and 4-hydroxybenzoic acids were detected at levels above the
limit of detection only for smoldering burns. Vanillic acid was the most
abundant phenolic acid with an EF two orders of magnitude higher in
pine smoke compared to debris smoke. This is in agreement with the
findings of Simoneit et al. (2000) who reported that the phenol sub-
stitution, 3-methoxy-4-hydroxy, pattern is consistent with an origin
from gymnosperm (softwood).

A series of saturated dicarboxylic acids (C2eC11), branched-chain
diacids (iC4-iC6), unsaturated diacids (M: maleic, F: fumaric and mM:
methylmaleic), aromatic diacids (Ph: phthalic, iPh: isophthalic and tPh:
terephthalic), hydroxy diacid (hC4: malic), diacids with a keto-group
(kC3: ketomalonic, and kC7: 4-ketopimelic), oxocarboxylic acids (C2ω-
C9ω, Pyr) and α-dicarbonyls (glyoxal and methylglyoxal) were identi-
fied in the smoke samples. The molecular distribution of these com-
pounds resulting from burning pine and debris in each phase is shown
in Fig. 7. Emission factors of saturated dicarboxylic diacids, aromatic

acids and α-dicarbonyls are significantly higher than those of branched-
chain diacids, unsaturated diacids or oxocarboxylic acids for all bio-
fuel/phase combination (Table 4).

Among the saturated n-dicarboxylic acids (C2eC12), azelaic (C9) and
succinic (C4) acids are the most abundant followed by glutaric (C5) and
oxalic (C2) acids. These findings are different from what has been re-
ported in previous studies for ambient continental aerosols where oxalic
acid (C2) was usually found as the most abundant diacid, followed by
malonic (C3) and succinic (C4) acids (Kawamura et al., 2013; Kundu
et al., 2010; Wang et al., 2012). However, high concentrations of aze-
laic acid in Siberian BB plumes have been already reported in the past
(Agarwal et al., 2010). As a matter of fact, azelaic acid has been iden-
tified as a specific oxidation product of unsaturated fatty acids con-
tained in biomass smoke (Kawamura et al., 2013).

It is worth mentioning here that C3/C4 ratios in the pine/smoldering
burn are always below 0.03, whereas in the remaining burns (pine/
flame, debris/flame and debris/smoldering), C3 levels are below the
method detection limit, thus resulting ratios would have been even
lower. These values are significantly lower than those in vehicle ex-
haust (0.22–0.44), ambient urban aerosols which have experienced
photochemical aging (0.4–1.0), and photochemically aged marine
aerosols (> 2.0) (Kawamura and Bikkina, 2016).

3.2. Evolution of biomass burning aerosols

Following emission and dispersion in the chamber, BB aerosols
undergo various physical and chemical transformations, including
coagulation, interaction with gaseous species, and deposition.
Distinguishing between fresh and aged organic aerosols gives an

Fig. 5. Comparison of LG/OC emission ratios for different softwood (purple) and hardwood (red) biomass as reported in this study (a) and other references in the
literature: (b: Fine et al., 2001), (c: Oros and Simoneit, 2001a), (d: Fine et al., 2002), (e: Hays et al., 2002), (f: Fine et al., 2004), (g: Iinuma et al., 2007), (h: Schauer
et al., 2001)), (i: Schmidl et al., 2008), (j: Nolte et al., 2001), (k: Oros and Simoneit, 2001b). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 6. Comparison of LG/MN ratios for different softwood (purple) and hardwood (red) biomass as reported in this study (a) and other references in the literature:
(b: Fine et al., 2001), (c: Oros and Simoneit, 2001a), (d: Fine et al., 2002), (e: Hays et al., 2002), (f: Fine et al., 2004), (g: Iinuma et al., 2007), (h: Schauer et al.,
2001)), (i: Schmidl et al., 2008), (j: Nolte et al., 2001), (k: Oros and Simoneit, 2001b). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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indication of how processing influences the atmospheric loading and
composition of organic aerosols.

Elemental carbon is used here as a reference for evaluating losses
due to aerosol dynamics (diffusion, convective deposition and gravita-
tional settling), because it is produced only as primary product of in-
complete combustion and is a chemically inert specie. The aim of this
study was not only to chemically identify a large number of species but
to further elucidate whether any of those species underwent chemical

transformations under dark conditions. The method of comparison to
inert species like EC allows the quantitative detection of such processes
in terms of loss or generation of the organic compounds described
above.

Fig. 8 illustrates the time evolution of OC, EC and OC/EC ratios for
pine burning in smoldering, mixed and flaming phases. As expected, OC
and EC concentrations decrease with time due to deposition and wall
losses in the chamber. However, OC and EC do not decrease with the
same rate, and therefore OC/EC ratios evolve with aging. OC/EC var-
iation demonstrates a changing rate of OC enhancement through sec-
ondary formation and OC loss through physical processes and chemical
transformations during aging.

For instance, Fenton reactions could possibly occur in the dark
chamber, i.e., Fe(II) and H2O2 can react in aqueous particles to produce
OH radicals which can oxidize organic species to result in carboxylic
acids or other oxidation products, although such reactions are in-
herently dependent on the presence of water and iron in the smoke
aerosol (Zepp et al., 1992). Additional transformation processes such as
oligomerization of semi-volatile organic species (SVOCs) could also
occur on particles in dark conditions, e.g., as a result of ester or
hemiacetal formation (Tolocka et al., 2004).

In the smoldering phase, OC/EC ratios decrease by a factor of almost
4 between fresh samples and 48-h aged samples. In terms of relative
contribution, OC represents about 96% of total PM2.5 mass in fresh
versus 85% in 48-h aged aerosol (Fig. 6). The fact that OC decreases
faster than EC suggests a sink of OC such as evaporation of semi-volatile
organic compounds or chemical degradation of reactive organic species

Fig. 7. Molecular distributions of dicarboxylic acids and related compounds.

Fig. 8. Time evolution of concentrations of OC (red), EC (green) and OC/EC ratios (blue) during dark aging. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 9. Concentration of EC versus time. The slope of regression represents the
loss rate. Values of slopes are denoted s, m, and f for smoldering, mixed and
flaming phases of pine burning, respectively.
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(in the OC-dominant smoke particles), reducing OC concentrations to a
greater degree than would be expected from deposition or wall losses
alone. It also suggests that there is no significant secondary production
of OC, since organics are already condensed at the time of the smoke
emission or shortly after (during cooling and dilution) and/or the
freshly produced organic-rich smoke aerosol inhibits further aerosol
production for smoldering fires.

In contrast, in the flaming phase, the OC/EC ratios increase from
about 0.2 to about 1, suggesting that there is production and con-
densation of organics after the fresh smoke emission. In terms of re-
lative contribution, OC represents about 21% of PM2.5 mass for fresh
versus 46% for 48-h aged aerosols (Fig. 8), whereas the relative con-
tribution of elemental carbon decreases from 54% to 25%. This sig-
nificant OC enhancement possibly occurs due to production of reactive
precursors under the high temperatures present during flaming com-
bustion (Gao et al., 2003), followed by gas-to-particle conversion in
form of condensation of semi-volatile organic species onto soot particles
during the first 24 h of smoke aging. Condensation of organics from
flaming burns seems to occur much later following emission compared
to smoldering fires, warranting further investigation. The oligomeriza-
tion of semi-volatile species, e.g., in form of ester or hemiacetal for-
mation, is known to be a slow process which would occur on time scales
of days, and could thus explain our observations to some extent. In a
recent study of biomass smoke evolution, aging in the dark (over a short
time period of a few hours) also resulted in increased organic aerosol
loadings (up to a factor of two) and specifically formation of secondary
organic nitrogen compounds due to the oxidation of VOCs by NO3 ra-
dicals, although no distinction of combustion phase (smoldering vs
flaming) was made in that study (Tiitta et al., 2016).

An intermediate evolution is observed for mixed fires, with OC/EC
ratios increasing from day to day although at a very low rate of change.

Overall, it is obvious and has been pointed out for other studies (e.g.,
Heringa et al., 2011) that a complex combination of processes takes
place during biomass smoke aging, including condensation and eva-
poration, as well as oxidation resulting in fragmentation or further
functionalization.

In order to investigate the response of biomass markers to physical
and chemical processing, the experimentally determined loss rate
coefficients of components of BB aerosol are compared to the EC loss
rate coefficient. Following the release of smoke into the air-tight LAC
chamber, the particle concentration Ct decay with time can be ex-
pressed as

= ×=
− ×C C et t

β t
0 (4)

where t is the elapsed time, Ct=0 is the concentration of fresh aerosols
and β is the particle decay rate loss coefficient. In this expression, β
incorporates the processes that remove particles in the enclosure (e.g.,
diffusion loss, gravitational settling, and other loss mechanisms by ex-
ternal forces) (Lai, 2002). The EC decay loss rate coefficient is derived
by plotting ln(EC) versus time and calculating the slope of the fitted
line.

As illustrated in Fig. 9, the EC loss rate varies between
0.043 ± 0.008 and 0.082 ± 0.003 h-1. Based on this finding, we as-
sume that the loss rate of particles due to diffusion and gravitational
settling inside the chamber is about 0.060 ± 0.025 h-1. The determined
particle loss rate coefficient does not take into account the coagulation
and other processes such as evaporation and condensation, assuming
EC as chemically stable species. We therefore calculate the loss rate of
other compounds, and assume that higher values of loss rates are evi-
dence of additional sinks, whereas lower values suggest potential sec-
ondary formation.

The loss rates of selected individual phenolic acids, saccharidic

Fig. 10. Concentrations of selected anhydrosugars (LG, MN, GN), phenolic acids (4-OH benzoic and vanillic acids), as well as resin acids (dehydroabietic acid) versus
time. The slope of regression represents loss rates. The values of slopes are denoted s, m, and f for smoldering, mixed and flaming phases of pine burning, respectively.
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compounds and resin acids are presented in Fig. 10. In Fig. 11, the loss
rates of the sum of compounds belonging to selected carboxylic acid
families are shown.

In the flaming phase, many species exhibit a negative slope, but
with a lower loss rate than that of EC. This is the case for levoglucosan,
the sum of fatty acids, sum of oxo-dicarboxylic acids, α-dicarbonyls and
branched dicarboxylic acids, thereby indicating a degradation and/or
wall loss and deposition after the initial emission from flaming burns.
Other compounds such as dehydroabietic acid as well as the sum of
saturated and unsaturated dicarboxylic acids exhibit a positive slope for
the flaming phase, suggesting SOA formation exceeding other losses.

In the smoldering phase, for all smoke constituents studied, the
slope(s) representing the loss rate is always within the range, or slightly
higher, to the values attributed to EC which is assumed to correspond to
deposition and wall losses. This finding supports the conclusion that no
significant chemical transformation occurs for smoke particle compo-
sition in the smoldering phase. The slightly higher values indicate an
additional sink such as possible evaporation of semi-volatile com-
pounds or degradation of certain species due to their higher reactivity.

4. Conclusions

This work presents a detailed chemical characterization of biomass
burning aerosols emitted from the combustion of Siberian wood spe-
cies. Small-scale fires were conducted in a combustion chamber and
were designed to distinguish and study separately the emissions from
the different combustion phases (smoldering vs flaming). Coarse and
fine smoke aerosols were sampled and analyzed for a large variety of
carboxylic acids and sugars, as well as OC and EC.

Aerosol mass was strongly dominated by particles in the sub-2.5 μm
diameter size range, and no significant difference was observed in the
carbon fraction composition between fine and coarse aerosols. Higher

emission factors of particle mass were observed when burning pine
compared to debris. For pine, EF(PMX) in the smoldering phase were on
average 5 times higher than in flaming burns. Significantly higher
loadings of organic species were found in our smoldering BB aerosols
than in the aerosols emitted in the flaming phase. Under low-tem-
perature combustion condition, OC contributed to more than 90% of TC
in emissions from both fuels, whereas in the flaming phase EC domi-
nated the emissions. Based on these results, we conclude that emission
factors for OC and PM2.5 are strong functions of combustion conditions.
Emission factors of organics are also strongly dependent on the type of
plant species burned under smoldering conditions but weekly depend
on the plant species for flaming conditions.

Anhydrosugars were the most abundant compound group in the
aerosol particles derived from the combustion of both biofuel types. The
ratios of levoglucosan/mannosan were about 3 for smoldering and
mixed conditions (for both pine and debris) and about 2 for flaming
burns, which is consistent with previously reported values for softwood.
Dehydroabietic acid was emitted in similar quantities to levoglucosan
during the burning of debris under smoldering conditions, while its
emission factor was lower compared to that of levoglucosan during the
burning of pine. Among phenolic biomarkers, vanillic and 4-hydro-
xybenzoic acids were detected at levels above the limit of detections
only for smoldering burns. Other individual compounds, such as azelaic
and succinic acids, have been found in significant quantities as well.
From the molecular distributions of dicarboxylic acids and related
compounds, it appears that the molecular composition of fresh biomass
burning aerosols is very different from those in motor vehicle exhaust
and ambient aerosols.

The ratios of selected biomarkers over total OC can be a useful tool
for distinguishing the type of wood burned and contribution of com-
bustion phases in natural fires.

Indications of SOA production under dark conditions after flaming

Fig. 11. Concentrations of the sum of carboxylic acids
(grouped in families depending on their functional group)
versus time after emission. The slope of the regression
represents the calculated loss rates for specific com-
pounds in the chamber. The values of the slopes are de-
noted s, m or f for smoldering, mixed and flaming burning
of pine, respectively. Keto-carboxylic acids are not shown
here due to limited number of data points.
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fires were suggested by the results of this study. On the other hand, no
evidence of chemical transformation was obtained for smoke particles
emitted in the smoldering phase.

Further combustion studies are needed for the investigation of
subsequent aging processes specifically for Siberian fire emissions, in-
cluding oxidation in the presence of sunlight, in order to obtain a more
comprehensive understanding of the environmental impact and to
make more accurate predictions on climate forcing of such biomass
burning emissions. Specifically, better understanding of the chemical
and physical characteristics of organic smoke components is needed, as
they may have significant influence on climate forcing via the indirect
aerosol effect, depending on the polarity and thus hygroscopicity of the
individual organic species, which is determined by the combustion
phase and degree of aging.
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