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h i g h l i g h t s
� Two distinct types of biomass smoke were identified by the MAE vs. OC/EC dependence.
� They also differed with respect to artifacts in the filter-based babs measurement.
� Present assessments of biomass burning BC emissions might be largely overestimated.
� Biomass burning emissions with high OC/EC ratios may include some liquid-like OM.
� These liquid-like organic components can complicate filter-based babs measurements.
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a b s t r a c t

Black carbon (BC) aerosol has relatively short atmospheric lifetimes yet plays a unique and important role
in the Earth's climate system, making it an important short-term climate mitigation target. Globally,
biomass burning is the largest source of BC emissions into the atmosphere. This study investigated the
mass absorption efficiency (MAE) of biomass burning BC generated by controlled combustion of various
wildland fuels during the Fire Laboratory at Missoula Experiments (FLAME). MAE values derived from a
photoacoustic spectrometer (~7.8 m2/g at a wavelength of 532 nm) were in good agreement with those
suggested for uncoated BC when the emission ratios of organic carbon (OC) to elemental carbon (EC)
were extremely low (i.e., below 0.3). With the increase of OC/EC, two distinct types of biomass smoke
were identified. For the first type, MAE exhibited a positive dependence on OC/EC, while the over-
estimation of the light absorption coefficient (babs) by a filter-based method was less significant and
could be estimated by a nearly constant correction factor. For the second type, MAE was biased low and
correlated negatively with OC/EC, while the overestimation of babs by the filter-based method was much
more significant and showed an apparent OC/EC dependence. This study suggests that BC emission
factors determined by the commonly used thermal-optical methods might be sustantially overestimated
for some types of biomass burning emissions. Our results also indicate that biomass burning emissions
may include some liquid-like organics that can significantly bias filter-based babs measurements.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Black carbon (BC) aerosol plays a unique and important role in
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the Earth's climate system through absorbing solar radiation,
influencing cloud processes, and altering the melting behavior of
snow and ice cover (Bond et al., 2013; Lack et al., 2014). As an
important short-term climate mitigation target, however, BC has
not been unambiguously defined yet due to the multitude of
measurement principles. Consequently, reported BC data are
dependent on the respective measurement techniques (Andreae
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and Gelencs�er, 2006; Baumgardner et al., 2012; Bond et al., 2013;
Petzold et al., 2013; Buseck et al., 2014). In this paper, we adopt
the terminology recommended by Petzold et al. (2013) and use the
term BC to generally describe the carbonaceous materials in par-
ticles that are strongly light-absorbing in the spectral range of
visible light, refractory, and insoluble.

Presently, global atmospheric absorption attributable to BC re-
mains highly uncertain. The mass absorption efficiency (MAE; also
known as the mass absorption cross section, MAC) is an essential
factor converting BC mass concentration (in mg/m3) simulated by
chemical transport models to the absorption coefficient in the at-
mosphere (in m�1) required for use in radiative transfer models.
MAE of BC cannot be directly measured; instead, it is calculated as
the absorption coefficient per BC mass (in this case, the determi-
nation of BC mass should be independent of optical absorption
measurements).

Historically, the BC mass fraction of carbonaceous aerosol is
most frequently quantified by filter-based methods such as
thermal-optical measurements. BC mass determined by thermal-
optical methods is commonly referred to as elemental carbon
(EC). In thermal-optical analysis, EC can survive up to ~900 K in the
presence of oxygen, and meanwhile, the removal (e.g., combustion)
of EC leads to a rapid increase of the filter transmittance and
reflectance which are typically monitored at 632 or 678 nm (Chow
et al., 2004; Cavalli et al., 2010). Thus, EC is distinguished from other
carbonaceous components (i.e., organic carbon) by its much higher
thermal stability and considerably stronger light-absorbing capac-
ity in the spectral range of red light. More recently, there have been
growing applications of in-situ techniques to the determination of
BC mass. Examples of these in-situ techniques include (1) aerosol
mass spectrometric methods (e.g., the Aerosol Time-of-Flight Mass
Spectrometer, ATOFMS, Pratt and Prather, 2012; the Particle Anal-
ysis by Laser Mass Spectrometry, PALMS, Murphy, 2007), (2) laser
induced incandescence (LII) methods (e.g., the High Sensitivity
Laser Induced Incandescence instrument, HS-LII, Schulz et al.,
2006; the Single Particle Soot Photometer, SP2, Schwarz et al.,
2006), and (3) the Soot particle Aerosol Mass Spectrometer (SP-
AMS) which is a combination of the aerosol mass spectrometric
technique and the LII technique (Onasch et al., 2012).

Despite several inter-comparison studies (e.g., Kondo et al.,
2011b; Laborde et al., 2013), consistency of BC mass quantified by
different types of measurement principles has not been well
addressed. Nevertheless, each kind of technique has its uncertainty
and limitations (Baumgardner et al., 2012). As for thermal-optical
methods, a major problem is that a substantial fraction of organic
species can be transformed into materials whose thermal and op-
tical behaviors are quite similar to EC (these materials are usually
termed char OC or pyrolysis OC; Yang and Yu, 2002). Previous
studies conducted at urban locations such as Fresno, CA (Chow
et al., 2004), Pittsburgh, PA (Subramanian et al., 2006), Milan,
Italy (Piazzalunga et al., 2011), and Beijing, China (Cheng et al.,
2012) typically suggested that thermal-optical methods tend to
underestimate BC mass due to uncertainties introduced by char OC.
For example, it was observed that water (Piazzalunga et al., 2011) or
organic solvent (Cheng et al., 2012) extraction, which removes a
substantial fraction of OC and consequently reduces the char OC
formation (Subramanian et al., 2006), could lead to a considerable
increase in the measured EC concentration of urban aerosol.
However, uncertainties in the thermal-optical determination of BC
mass have not been well characterized for primary emissions from
combustion sources, limiting our ability to evaluate BC inventories
and thus the modeled distribution and climate impacts of BC. This
is particularly true for biomass burning which is the largest BC
source globally (Bond et al., 2013).

On the other hand, the absorption coefficient is typically
quantified by optical instruments, most of which are based on the
measurement of the change in light transmittance through a filter
due to the deposition of aerosol particles (Moosmüller et al., 2009).
Examples of instruments using the filter-based technique include
the Aethalometer (Hansen et al., 1984), the Particle Soot Absorption
Photometer (PSAP; Bond et al., 1999), the Multi-Angle Absorption
Photometer (MAAP; Petzold et al., 2005) and the continuous soot
monitoring system (COSMOS; Kondo et al., 2011b). Of these in-
struments, the Aethalometer and PSAP are most commonly used.
The latest version of the Aethalometer (model AE33) measures the
absorption coefficient at sevenwavelengths (i.e., 370, 470, 520, 590,
660, 880 and 950 nm; Drinovec et al., 2015), while the commercial
single-wavelength PSAP has been modified to yield absorption
measurements at three visible wavelengths (i.e., 467, 530 and
660 nm; Virkkula et al., 2005). Although having been widely used,
most of the filter-based techniques suffer fromvarious artifacts that
need to be carefully addressed. The following corrections are likely
necessary for correction of measured transmittance change (i.e.,
attenuation) to light absorption (Moosmüller et al., 2009; Lack
et al., 2014): (1) the filter loading correction which compensates
for the non-linear response of attenuation to the increase of BC
loading (i.e., the shadowing effect), (2) the multiple scattering
correction which accounts for the enhanced attenuation caused by
the scattering of filter fibers, and (3) the particle scattering
correction which corrects the enhanced attenuation due to the
scattering of loaded particles. Significant efforts have been made to
develop and improve empirical corrections for the filter-based in-
struments. Representative algorithms include those introduced by
Weingartner et al. (2003), Arnott et al. (2005), Schmid et al. (2006),
Collaud Coen et al. (2010) for the Aethalometer, and those
described by Bond et al. (1999), Virkkula et al. (2005) and Ogren
(2010) for the PSAP. More recently, an algorithm compensating
for the shadowing effect, which is based on the attenuation mea-
surements by two parallel spots, was incorporated into the latest
version of the Aethalometer (Drinovec et al., 2015).

A difficult challenge to the filter-based techniques such as
Aethalometer and PSAP is that the empirical parameters in the
correction algorithms are highly variable depending on aerosol
source, chemical composition, mixing state, etc. (e.g., Collaud Coen
et al., 2010). Moreover, determination of these empirical parame-
ters is not easily performed in the field, and therefore general
corrections calculated during inter-comparison campaigns (e.g.,
Arnott et al., 2005) are usually applied to all Aethalometer or PSAP
units. This is also the case for the COSMOS, although it could reduce
the particle scattering effect by volatilizing a substantial fraction of
non-BC components prior to particle collection (this is done by a
thermal denuder; Kondo et al., 2011b). In contrast to the other
filter-based instruments, the MAAP does not rely on empirical
corrections; instead, it uses a radiative transfer model to retrieve
the absorption coefficient from simultaneous measurement of light
transmitted through and scattered back from a particle-loaded fi-
ber filter (Petzold et al., 2005). The MAAP has been suggested to be
the most reliable filter-based instrument for aerosol absorption
measurements (Andreae and Gelencs�er, 2006). However, a basic
assumption used in MAAP, i.e., the particle-loaded filter can be
treated as a two-layer system consisting of a particle-loaded filter
layer and the particle-free filter matrix, might be invalid under
some conditions (e.g., in the presence of liquid-like aerosols which
will spread throughout filter fibers).

Artifacts associated with the filter-based measurement of
aerosol absorption can be completely overcome by directly
measuring light absorption on airborne particles. This technique is
being used by the photoacoustic spectrometer (PAS; Arnott et al.,
1999; Lack et al., 2006), which has become the “standard”
method for aerosol absorption measurements (Lack et al., 2014).
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The PAS is typically operated at a single wavelength such as 532 nm
(e.g., Arnott et al., 1999, 2003, 2005; Lack et al., 2006), whereas the
on-going development of multi-wavelength PAS provides addi-
tional information about the wavelength dependence of aerosol
absorption (e.g., Lewis et al., 2008; Haisch et al., 2012; Lack et al.,
2012; Sharma et al., 2013). Until recently, however, light absorp-
tion measurements by the PAS are only available for limited source
categories. Moreover, despite several laboratory (e.g., Sheridan
et al., 2005; Cappa et al., 2008) and field (e.g., Schmid et al.,
2006; Lack et al., 2008) studies conducted, comparisons between
the PAS and filter-based instruments are still limited and havemost
frequently focused on either ambient samples or laboratory-
generated soot particles.

This study investigated the MAE of biomass burning BC gener-
ated by controlled combustion of six kinds of wildland fuels during
the Fire Laboratory at Missoula Experiments (FLAME) study, which
was conducted at the United Sates Forest Service's (USFS) Fire
Sciences Lab (FSL) in Missoula, Montana. For the determination of
MAE, filter-based EC concentrations measured by a thermal-optical
method were used as the BC mass, while the light absorption
measurements were primarily performed by a PAS. Influences of EC
measurement uncertainties on MAE estimations are discussed.
Based on results from urban aerosol, it is commonly believed that
BC mass tends to be underestimated by thermal-optical methods
(Chow et al., 2004; Subramanian et al., 2006; Piazzalunga et al.,
2011; Cheng et al., 2012). However, here we demonstrate that this
is not necessarily the case for biomass burning source emissions.
On the other hand, artifacts associated with the filter-based mea-
surement of light absorption are evaluated. Our results suggest that
in biomass burning emissions, liquid-like organics may be present
that can strongly bias filter-based absorption measurements. This
study is expected to bemeaningful for a better understanding of BC,
especially regarding its mass determination and absorption
measurement.

2. Measurements and data analysis

The FSL combustion facility has been described in detail else-
where (McMeeking et al., 2009). Briefly, the main combustion
chamber is a square room (12.4 � 12.4 m) with a height of 19.6 m.
An exhaust stack located at the center of the room begins 2.1 m
above the fuel bed and extends through the chamber ceiling. An
inverted funnel at the bottom of the exhaust stack narrows from a
3.6 m diameter opening to the 1.6 m stack diameter. A sampling
platform surrounds the stack at ~16.5 m height where all mea-
surement equipment was deployed, sampling directly from the
exhaust stack. Six types of dry fuels (with moisture content of less
than 10% of drymass) were burned, including ponderosa pinewood
(PP wood), ponderosa pine needles (PP needle), white pine needles
(WP needle), excelsior (made from aspen poplar trees), Savanna
grass (SA grass; from Zambia), and sagebrush. The absorption co-
efficient (babs) of the smoke was measured continuously at two
wavelengths (i.e., 532 and 1047 nm) by a PAS. Furthermore, a total
of 20 particulate matter (PM) samples were collected onto quartz-
fiber filters and were used for the subsequent thermal-optical
analysis. Different combustion phases (i.e., flaming vs. smol-
dering) were not sampled separately in this study.

The quartz-fiber filters were analyzed for organic carbon (OC)
and elemental carbon (EC) using a DRI Model 2001 carbon analyzer
(Atmoslytic Inc., CA, USA). OC and EC concentrations were quanti-
fied using the IMPROVE (Interagency Monitoring of Protected Vi-
sual Environments) temperature protocol. The transmittance
charring correction was used to separate OC and EC because the
absorption measurement by the carbon analyzer is based on the
transmittance signal (as shown in Equation (1)). EC concentrations
were then used as the BC mass for the calculation of the mass ab-
sorption efficiency. The filter optical transmittance signal was
measured at a wavelength of 632 nm throughout the OC and EC
analysis, providing an approach to calculate the absorption coeffi-
cient (Ram and Sarin, 2009):
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�
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I

�
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where I and I0 are the intensity of transmittance signal measured at
the beginning (i.e., when the loaded filter has not been heated) and
end (i.e., when all of the loaded carbon has been combusted off the
filter) of thermal-optical analysis, respectively, and A is the filter
area with particle loading (mm2), while V is the volume of air
sampled (m3). The mass absorption efficiency can be calculated as:
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where ATN indicates the optical attenuation that equals ln(I0/I),
while ECm (mg/m3) and ECs (mg/cm2) are the mass concentration
and filter loading of EC, respectively. Note that both the absorption
coefficient derived from Equation (1) and the mass absorption ef-
ficiency derived from Equation (2) are the raw values uncorrected
for the artifacts associated with the filter-based measurement of
light absorption, thus are specified as b*abs and MAE*, respectively.

In this study, the PAS was operated continuously (i.e., with a
time resolution of 3 and 7 s at 532 and 1047 nm, respectively),
whereas EC concentrations were measured for filter samples that
represent time-integrated averages. Thus, when using the PAS, the
mass absorption efficiency is calculated as:

MAE
�
m2=g

�
¼

Z T2

T1
babsdt

ECm � ðT2 � T1Þ
¼ integrated babs

integrated EC
(3)

where T1 and T2 are the start and stop time for quartz-fiber filter
sampling, respectively, while integrated babs and integrated EC
indicate

R T2
T1 babsdt and ECm � ðT2 � T1Þ, respectively. Moreover, the

aerosol absorption Ångstr€om exponent (AAE), a parameter
describing the wavelength-dependence of light absorption, is
derived from the PAS measurement as:

AAE ¼ lnðMAE532=MAE1047Þ
lnð1047=532Þ (4)

where MAE532 and MAE1047 are the MAE calculated by Equation (3)
at 532 and 1047 nm, respectively.
3. Results and discussion

3.1. MAE retrieved from the PAS

MAE532 fell within a relatively narrow range of ~7e~9 m2/g for
the majority of the burning cases in this study, whereas substan-
tially lower values were observed during certain burns (Fig. 1). The
variation of MAE532 was found to be strongly related to the abun-
dance of organic matter (OM). Here the OM abundance was esti-
mated by the OC to EC ratio, although the EC concentrations may
not be an ideal measure of BC mass. As shown in Fig. 2(a), MAE532
averaged 7.8 ± 0.1 m2/g (N ¼ 2; termed type-0 smoke) when OC/EC
was below 0.3. For the type-0 smoke cases, formation of char OC
and thus the char OC-related uncertainties in EC results were
virtually negligible, as demonstrated by the roughly constant filter
transmittance signal observed in the inert mode of thermal-optical



Fig. 1. MAE of biomass burning BC derived from the PAS at a wavelength of 532 nm (bars; left axis). Also shown is the absorption Ångstr€om exponent based on the light absorption
measurement by the PAS at 532 and 1047 nm (blue lines; right axis). Two filter samples were collected during the combustion of PP wood and excelsior, whereas four samples were
collected for the other biofuels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Relationship between MAE derived from the PAS at a wavelength of 532 nm
(i.e., MAE532) and the OC to EC ratio (a). Also shown are the ratios of carbon analyzer to
PAS retrieved MAE (i.e., MAE632

* to MAE632 ratios) versus OC to EC ratios (b). In (b),
MAE632

* and thus the MAE632
* to MAE632 ratio are not available for the samples with

EC loading above 11 mg C/cm2 (N ¼ 4; including the two samples collected for the type-
0 burning cases, and two of the samples collected for the type-1 burning cases). OC to
EC ratio provides an estimation of OM abundance, although EC concentrations may not
be an ideal measure of BC mass. We also estimated the OM abundance by the ratio of
He carbon to He/O2 carbon, and observed the same patterns as those shown in Fig. 2
(see Supplementary material). In addition, it was observed that the burning of the
same kind of fuel could produce different types of smoke, presumably depending on
the combustion condition (see Supplementary material).
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analysis (Fig. 3(a)). On the other hand, although BC size distribu-
tions were not measured in this study, previous investigations
suggested that the mass median diameter (MMD) of BC was about
200 nm in fresh biomass burning emissions (Schwarz et al., 2008;
Kondo et al., 2011a; Taylor et al., 2014). Accordingly, an OC to EC
mass ratio of 0.3 can be translated to a coating thickness (Tcoating) of
~20 nm, by assuming a concentric coreeshell morphology with the
BC core diameter (Dcore) being held fixed at 200 nm, an OM (organic
matter) to OC ratio of 1.6 (Aiken et al., 2008) to 2.0 (Turpin and Lim,
2001), a BC density (rBC) of 1.8 g/cm3 (Bond and Bergstrom, 2006),
and an OM density (rOM) of 1.0e1.4 (Turpin and Lim, 2001; Cappa
et al., 2012):

Tcoating ¼ Dcore

2
�
"�

1þ OC
EC
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OC

� rBC

rOM

�1 =

3

� 1

#
(5)

According to laboratory experiments (in which graphite parti-
cles were coated by organics) and theoretical calculations (using
the coreeshell model based on Mie theory) by Shiraiwa et al.
(2010), organic coating with a thickness of ~20 nm (i.e., a shell to
core diameter ratio of ~1.2) will not cause a strong enhancement of
light absorption when the BC core diameter is ~200 nm. Moreover,
the light absorption enhancement will become even smaller if
assuming a non-core-shell morphology (e.g., the BC core is located
in an off-center position within the host organic material; Adachi
et al., 2010). Thus, amplification of BC light absorption by organic
coating should be insignificant at the extremely low OC to EC ratios
(i.e., below 0.3) measured in the type-0 smoke cases. This explains
why the MAE532 measured in the type-0 smoke cases are in good
agreement with those suggested for uncoated BC (Bond and
Bergstrom, 2006).

As OC/EC became higher, MAE532 showed an increasing trend
for some of the burning cases (N ¼ 7; referred to as type-1 smoke)
with the peak value (8.8 m2/g, corresponding to a 13% increase
relative to 7.8 m2/g) being observed at an OC/EC of 1.2. The positive
correlation between MAE532 and OC/EC can readily be attributed to
the enhancement of light absorption by BC due to organic coating
(Schnaiter et al., 2005; Bond et al., 2006). Using Equation (5) with
the same assumptions as mentioned above, an OC to EC ratio of 1.2
corresponds to a coating thickness of ~60 nm. Shiraiwa et al. (2010)
suggested that in the case of a coreeshell morphology, a coating of
~60 nm can increase the BC light absorption by ~ 50% when the BC
core diameter is ~200 nm. However, the observed absorption
enhancement (i.e., 13%) was much smaller than the prediction by
Shiraiwa et al. (2010), presumably indicating that the mixing state
of biomass burning BC cannot be fully described by a simple cor-
eeshell morphology.

For the remaining cases (N¼ 11; termed type-2 smoke), MAE532
tended to decrease with the increase of OC/EC and deviated more
strongly from 7.8 m2/g (down to 3.6 m2/g) once OC/EC exceeded 3.0
(Fig. 2(a)). The negative dependence of MAE532 on OC/EC, which is



Fig. 3. Example thermograms of samples collected for (a) type-0 smoke (generated by
the combustion of PP wood), (b) type-1 smoke (generated by the combustion of
sagebrush), and (c) type-2 smoke (generated by the combustion of PP needles). FID,
Laser T, and Temp. are the carbon signal measured by the flame ionization detector, the
transmittance signal measured at 632 nm, and the temperature, respectively. Drop of
filter transmittance during the He mode indicates the formation of char OC. The
horizontal dashed lines correspond to the baseline of filter transmittance.
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not readily explained by the mixing state of BC, has not been
observed in previous studies based on either laboratory experi-
ments or ambient measurements (e.g., Cappa et al., 2012). In
addition, several type-2 smoke cases had MAE532 values below
5.0 m2/g, which are too low for BC (Bond et al., 2013; Petzold et al.,
2013).
3.2. Evaluation of the relatively low MAE532 values observed in the
type-2 smoke

Results from the type-2 smoke cases point to the presence of a
distinct group of non-BC compounds (e.g., organics) that can reduce
the calculated MAE through interfering with the light absorption
and/or BC mass measurements. We suggest that the reduction in
MAE is most likely caused by an overestimation of BC mass by the
thermal-optical method, because mixing of BC with organics will
either increase (e.g., when BC and organics are internally mixed or
when BC is externally mixed with light-absorbing organics) or have
no effect on light absorption (e.g., when BC is externallymixed with
non-light-absorbing organics). Moreover, the overestimation of BC
mass seems to be more significant for the biomass burning emis-
sions more abundant in OC, as indicated by the negative depen-
dence of MAE532 on OC/EC observed in the type-2 smoke cases. For
the smoke having the highest OC/EC (23.0), MAE532 was as low as
3.6 m2/g, indicating that the BC mass was overestimated by a factor
of at least ~2 (calculated as the ratio of 7.8 m2/g to 3.6 m2/g).

As mentioned in the Introduction, uncertainties in the thermal-
optical determination of EC mass are strongly associated with char
OC. Formation of char OC primarily occurs in the inert mode of
thermal-optical analysis, and typically accompanies an apparent
drop of filter transmittance and reflectance. Similar to EC, on the
other hand, char OC usually requires an oxidizing atmosphere to be
combusted off the filter, indicating that carbon evolving in the
oxidizing mode of thermal-optical analysis (i.e., He/O2 carbon) in-
cludes both char OC and EC. To classify He/O2 carbon into char OC
and EC, thermal-optical methods use the amount of He/O2 carbon
that is required to increase the filter transmittance (or reflectance)
to its initial value as an estimation of char OC. However, char OC
will be overestimated (i.e., EC will be biased low) if EC and thus He/
O2 carbon is less light absorbing compared to char OC, whereas char
OC will be underestimated (i.e., EC will be biased high) if EC and
thus He/O2 carbon is more light absorbing. Previous studies con-
ducted at urban locations typically suggested that EC is less light
absorbing than char OC, resulting in an underestimation of BC mass
by thermal-optical methods (Chow et al., 2004; Subramanian et al.,
2006; Cheng et al., 2012). Therefore, our finding that BC mass can
be significantly overestimated by thermal-optical methods is
different from most of the previous studies. Here we suggest
several likely explanations for this distinct phenomenon which is
observed only in the type-2 burning cases.

(1) In the carbonaceous materials generated by the type-2
burning cases, some distinct organic compounds may be
present that can be transformed into char OC having a lower
light absorbing capacity compared to EC.

(2) For the majority of the filter samples collected for the type-2
burning cases, the evolution of filter transmittance in the
inert mode of thermal-optical analysis exhibited a distinct
“increase followed by decrease” pattern (Fig. 3(c)), which
was not observed in type-0 or type-1 burning cases. While
the decrease phase of filter transmittance can be readily
attributed to the formation of char OC, the increase phase is
unexpected and seems to indicate the removal (e.g., volatil-
ization) of organic compounds that are light absorbing at the
monitoring wavelength of the carbon analyzer (i.e., 632 nm).
In this case, decrease of filter transmittance caused by char
OC formation will be partially offset by the removal of these
light absorbing organics, consequently resulting in an un-
derestimation of char OC (i.e., an overestimation of EC).

(3) The type-2 burning cases can produce light-absorbing OC
(i.e., brown carbon) that can be classified as EC. Brown car-
bon covers a wide range of light absorbing properties,
including not only weakly absorbing species such as humic-
like substances (the MAE of which is close to zero at 532 nm;
Hoffer et al., 2006) but also strongly absorbing particles such
as tar balls (the MAE of which was estimated to be slightly
lower than that of BC at 550 nm; Alexander et al., 2008). It is
not surprising that refractory brown carbon such as tar balls
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could be classified as EC during thermal-optical analysis
(Hand et al., 2005).

For the type-2 burning cases, we cannot confirm which factor
mentioned above is more responsible for the overestimation of BC
mass by EC measurements, but it can be concluded that their
MAE532 values are biased low due to the overestimation of BCmass,
and thus should be used with caution.

3.3. MAE retrieved from the carbon analyzer

Fig. 4(a) shows the dependence of ATN measured by the carbon
analyzer at a wavelength of 632 nm (ATN632) on filter EC loading
(ECs). ATN632 and ECs correlated strongly (R2 ¼ 0.93; N ¼ 16) with a
slope of 21.7 ± 0.6 m2/g, when ECs was below 11 mg/cm2. However,
the linearity did not extend to ECs exceeding 11 mg/cm2 (N ¼ 4),
indicating that ATN became non-sensitive to the increase of ECs for
these high-loading samples. After excluding the four samples with
EC loadings above 11 mg/cm2, MAE retrieved from the carbon
analyzer at 632 nm ðMAE632

*Þ averaged 24.0 ± 4.7 m2/g.
Before comparing MAE derived from the PAS and the carbon

analyzer, the difference in the measurement wavelength needs to
be accounted for, which requires the absorption Ångstr€om expo-
nent (AAE). AAE has been shown to vary significantly among
different types of biomass smoke and depend strongly on the
wavelength range within which the exponent is estimated (e.g.,
between ~1 and ~3.5 for the wavelength pair of 405 and 870 nm vs.
between ~1 and ~2.5 for the wavelength pair of 532 and 870 nm;
Lewis et al., 2008). In this study, AAE was calculated based on the
light absorption measurement by the PAS at 532 and 1047 nm
(Fig. 4(b)), and was found to be between 0.9 and 1.1 (Fig. 1). Using
the estimated AAE, MAE532 derived from the PAS was then con-
verted to the equivalent value at 632 nm (MAE632):

MAE632 ¼ MAE532 �
�
532
632

�AAE

(6)

MAE632 averaged 5.8 ± 1.3 m2/g for biomass smoke with EC
loadings below 11 mg/cm2. The ratio of MAE632

* toMAE632 averaged
4.4 ± 1.3, implying that filter-based, uncorrected measurement of
babs (e.g., by the carbon analyzer) may result in substantial over-
estimation of MAE values.

The MAE632
* to MAE632 ratio did not differ much among the

type-1 smoke cases (Fig. 2(b)), with an average of 3.1 ± 0.3 (N ¼ 5;
two of the type-1 smoke cases had EC loadings above 11 mg/cm2 and
Fig. 4. ATN retrieved from the carbon analyzer as a function of EC loading (a), and the depe
indicate the linear regression results with K as slope and intercept set as zero. In (a), sample
not included in the regression since their ATN becomes non-sensitive to the increase of EC lo
thus were excludedwhen calculatingMAE632
*). Similar to the type-

1 smoke, some ambient observations also showed a nearly constant
ratio between babs measured by the PAS and filter-based in-
struments (the ratio will be termed the overestimation factor
hereinafter). For example, compared with the PAS, the Aethal-
ometer overestimated babs by a factor of ~2.4 and ~3.3 in downtown
Toronto (Knox et al., 2009) and at an urban site in Las Vegas, NV
(Arnott et al., 2005), respectively, while the overestimation factor
was found to be ~1.6 for the PSAP during a study conducted in an
agricultural environment in northern Oklahoma (Arnott et al.,
2003). In addition, air masses were classified into fresh, semi-
aged, and aged categories in the study by Knox et al. (2009), but
the air mass history was found to have little influence on the
overestimation factor for the Aethalometer. A nearly constant
overestimation factor presumably indicates that the filter-based
light absorption measurement is mainly biased by the multiple
scattering effect due to the filter fibers.

The MAE632
* to MAE632 ratio was significantly higher for type-2

smoke (averaging 5.0 ± 1.2; N¼ 11) and showed an apparent OC/EC
dependence (Fig. 2(b)). Similar to the type-2 smoke, the over-
estimation factor for the PSAP was found to increase with the ratio
of organic aerosol (OA) to BC mass (OA/BC) during ship-borne
measurements performed in the Gulf of Mexico and inland wa-
ters near Houston, Texas (Lack et al., 2008). Subramanian et al.
(2007) found that liquid-like organics are preferentially emitted
during the smoldering combustion phase of biomass burning
which is characterized by high emission ratios of OC to EC. Thus, the
positive dependence of the MAE632

* to MAE632 ratio on OC/EC
observed in the type-2 smoke cases might be caused by the
redistribution of liquid-like organic compounds around the fiber
filters.
4. Conclusions and implications

MAE of biomass burning BC was investigated during the FLAME
study. BC mass was quantified by a thermal-optical method, while
babs was primarily measured by a PAS. MAE532 values observed at
extremely lowOC to EC emissions ratios (i.e., below 0.3) were about
7.8 m2/g, in good agreement with those suggested for uncoated BC.
At higher OC to EC ratios, two distinct types of biomass smokewere
identified based on the dependence of MAE532 on the OC to EC
ratio. For the first type, MAE532 depended positively on the OC to EC
ratio, suggesting the enhancement of BC light absorption by organic
coating. For the second type, MAE532 depended negatively on the
ndence of integrated babs retrieved from the PAS on integrated EC (b). The dashed lines
s with EC loading above 11 mg C/cm2 (N ¼ 4), which are marked by the open-circles, are
ading. These four samples are not used to derive MAE from the carbon analyzer either.
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OC to EC ratio; this trend cannot be readily explained by BC mixing
state, instead, it indicates an increased overestimation of BC mass
by thermal-optical methods at higher OC to EC ratios. In addition,
these two types of biomass smoke also differed substantially with
respect to artifacts in the filter-based babs. For the first type, the
overestimation of babs by a filter-based method was less significant
and could be estimated by a nearly constant correction factor. In
contrast, for the second type, the overestimation of babs by the
filter-based method was much more significant and showed an
apparent OC/EC dependence.

Emissions and the resulting distribution and radiative forcing of
BC strongly rely on emission factors of BC which are frequently
determined by thermal-optical analysis. This study suggests that in
some types of biomass burning source emissions (e.g., those having
high emission ratios of OC to EC), a distinct group of organic
compounds may be present that can result in an overestimation of
BC mass by thermal-optical methods. In some cases, BC mass was
overestimated by a factor of at least ~2, indicating that present
assessments of biomass burning BC emissions might be substan-
tially overestimated. On the other hand, biomass burning emissions
may include some liquid-like organics that can complicate filter-
based light absorption measurements. Artifacts caused by these
liquid-like organics are difficult to account for with correction al-
gorithms, but may be reduced by utilization of a thermal denuder.
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