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Abstract

Experiments were conducted to investigate the effects of photo-oxidation on organic
aerosol (OA) in dilute wood smoke by exposing emissions from soft- and hard-wood
fires to UV light in a smog chamber. This paper focuses on changes in OA composition
measured using a unit mass resolution quadrupole Aerosol Mass Spectrometer (AMS).5

The results highlight how photochemical processing can lead to considerable evolution
of the mass, the volatility and the level of oxygenation of biomass-burning OA. Pho-
tochemical oxidation produced substantial new OA, more than doubling the primary
contribution after a few hours of aging under typical summertime conditions. Aging
decreased the OA volatility of the total OA as measured with a thermodenuder; it also10

made the OA progressively more oxygenated in every experiment. With explicit knowl-
edge of the condensed-phase mass spectrum (MS) of the primary emissions from
each fire, each MS can be decomposed into primary and residual spectra through-
out the experiment. The residual spectra provide an estimate of the composition of
the photochemically produced OA. These spectra are also very similar to those of the15

oxygenated OA that dominates ambient AMS datasets. In addition, aged wood smoke
spectra are shown to be similar to those from OA created by photo-oxidized dilute diesel
exhaust and aged biomass-burning OA measured in urban and remote locations. This
demonstrates that the oxygenated OA observed in the atmosphere can be produced
by photochemical aging of dilute emissions from combustion of fuels containing both20

modern and fossil carbon.

1 Introduction

Organic aerosols are a highly-dynamic system dominated by both variable gas-particle
partitioning and chemical evolution. The sources of this organic material are not well
understood, especially the relative contributions of primary versus secondary organic25

aerosol. Primary organic aerosols (POA) are directly emitted by a source in the con-
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densed phase; secondary organic aerosols (SOA) are formed in the atmosphere via
oxidation products of gas-phase precursors. Recent ambient measurements with the
Aerodyne Aerosol Mass Spectrometer (AMS) have shown that oxygenated OA (OOA)
is the dominant component of OA in most regions of the atmosphere (Zhang, 2007).
OOA is strongly correlated with secondary tracers such as inorganic species (Ulbrich5

et al., 2008; Zhang et al., 2005b) and odd oxygen (O3+NO2; or Ox) (Herndon et al.,
2008) in ambient datasets. Therefore, OOA appears related to SOA; however, SOA
generated in traditional smog chamber experiments (Bahreini et al., 2005) is spec-
trally distinct from ambient OOA. Additionally, laboratory SOA (Aiken et al., 2008) and
primary emissions (Mohr et al., 20081) both have significantly lower O:C ratio than am-10

bient OOA. In addition, field (de Gouw et al., 2008; de Gouw et al., 2005; Volkamer et
al., 2006) and laboratory (Grieshop et al., 2008; Robinson, 2007; Sage et al., 2008;
Weitkamp et al., 2007) measurements have shown that gas-phase oxidation can form
much more SOA than is predicted by current models.

Recently, we have shown that photo-oxidation of diluted exhaust from a diesel engine15

produces substantial amounts of OA that is spectrally similar to OOA (Robinson, 2007;
Sage et al., 2008). Although motor vehicles are an important source of aerosols in
urban and regional environments, biomass burning is a much more important source
at global scales. For example, biomass-burning is estimated to contribute 90% of the
global emissions of primary particulate organic carbon (OC) from combustion sources20

(Bond et al., 2004).
Aerosol emissions from biomass-burning are often identified using particle con-

stituents such as chloride, potassium and levoglucosan (Simoneit et al., 1999). Re-
cently, the contribution of biomass-burning emissions to urban OA concentrations has

1Mohr, C., Huffman, J. A., Cubison, M., Aiken, A. C., Docherty, K., Kimmel, J. R., Ulbrich, I.
M., Hannigan, M., Garcia, J., and Jimenez, J. L.: Characterization of primary organic aerosol
emissions from meat cooking, trash burning, and motor vehicles with high-resolution aerosol
mass spectrometry and comparison with ambient and chamber observations, Environ. Sci.
Technol., submitted, 2008.
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been estimated by factor analysis of ambient AMS data (DeCarlo et al., 2007; Lanz
et al., 2007). However, source apportionment of biomass-burning emissions is com-
plicated because these emissions evolve in the atmosphere. For example, dilution
measurements show the gas-particle partitioning of these emissions depends on at-
mospheric conditions (Lipsky and Robinson, 2006; Shrivastava et al., 2006). Multiple5

field measurements report substantial in-plume production of OA (Abel et al., 2003;
Lee et al., 2008; Nopmongcol et al., 2007; Reid et al., 1998, 2005). Other studies have
observed substantial chemical evolution biomass-burning emissions with atmospheric
aging but without additional production of OA (Capes et al., 2008; Hoffer et al., 2006).

This is the second paper in a two-part series that investigates the effects of photo-10

oxidation on wood smoke. As discussed in the companion paper (Grieshop et al.,
2008), photo-oxidation of diluted wood smoke in a smog chamber produced substantial
amounts of OA, essentially doubling OA concentrations after exposure to the equivalent
of a few hours of summertime conditions. On average, less than 20% of this new
OA could be explained by oxidation of traditional SOA precursors. Results from a15

volatility basis-set model that explicitly tracks the partitioning and aging of low-volatility
organics are compared to the chamber data and indicate that the OA production can
be explained by oxidation of low-volatility organic vapors.

In this paper, we focus on the effects of photochemical aging on the composition of
organic aerosols emitted from biomass burning as measured with an AMS. The specific20

goals include:

1. quantify the production of secondary OA using a spectral decomposition method
of Sage et al. (2008);

2. characterize the evolution of OA composition; and

3. compare results from these experiments to AMS data from the literature (labora-25

tory and ambient) to place them in the broader context.
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2 Experimental Methods

Exhaust from wood fires in a small wood stove was injected, via a heated inlet line,
into a dark, temperature-controlled 12 m3 Teflon-lined environmental chamber filled
with HEPA and activated-carbon filtered air. Upon entering the chamber, the exhaust
rapidly mixed and cooled to 22±2◦C. Initial particle concentrations were tens to hun-5

dreds of µg m−3 of predominantly carbonaceous material. The primary emissions were
characterized for ∼1 h and then the chamber UV lights were turned on to initiate photo-
oxidation reactions. The evolution of the wood smoke was monitored using a suite of
gas- and particle-phase instruments. Experimental details are discussed in a compan-
ion paper (Grieshop et al., 2008).10

Separate experiments were conducted with mixed hardwoods, Laurel Oak and Yel-
low Pine, burning under a variety of conditions, from smoldering to active flaming com-
bustion. Gas- and particle-phase concentrations inside the chamber were similar to
field measurements of fresh biomass plumes (Grieshop et al., 2008). For example,
modified combustion efficiencies (MCE, Koppmann et al., 2005) ranged between 0.6915

and 0.95 with a median value of 0.91. Organic to elemental carbon ratios of the fresh
wood-smoke aerosol ranged from 1.1 to 13. Additional details on the experimental
conditions are reported in a companion manuscript (Grieshop et al., 2008).

This paper focuses on data collected with a unit mass resolution quadrupole Aero-
dyne Aerosol Mass Spectrometer (Q-AMS) (Canagaratna et al., 2007). The AMS col-20

lected data with 5 min time resolution at a vaporizer temperature of 600◦C, alternating
between mass spectrum (MS) scanning, Jump Mass Spectrum (JMS, Crosier et al.,
2007) and particle time of flight (PToF, (Jimenez et al., 2003) modes. The mass frag-
ments scanned in PToF mode were selected to give information about the size distri-
butions and mixing states of the AMS species (organics, nitrate, potassium, etc.). The25

mass fragments scanned in JMS mode were selected to improve the signal-to-noise
ratio for fragments of particular interest in organic mass spectra (e.g. m/z 44 and 57)
and those expected to make significant contributions to wood burning POA (m/z 60,
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73, 137 and 167 (Alfarra et al., 2007; Schneider et al., 2006). Except as noted below,
the organic spectra were generated using the default fragmentation table (Allan et al.,
2004).

We carefully considered the assignment of the AMS signal at m/z 28 and 18. Due
to the difficulty of separating the organic particle signal (mostly from CO+) from the5

large air beam signal (from N+
2 ) at m/z 28, the default fragmentation table in the unit

mass resolution AMS data analysis package has traditionally set the organic contribu-
tion at m/z 28 to zero (Allan et al., 2004). However, recent analysis of several ambient
datasets suggests that the OA signal at m/z 28 in ambient samples is equivalent to
the signal at m/z 44 (Aiken et al., 2008, and references therein). In these experiments,10

we directly estimated the contribution of OA to m/z 28 using particle-free samples to
establish a baseline signal due to N+

2 . This correction is discussed in Sect. 3.2. An-
other complication is the uncertain contribution from organic dehydration fragments
(H2O+) at m/z 18. In the original AMS fragmentation table (Allan et al., 2004), OA at
m/z 18 set equal to the OA signal at m/z 44; Aiken et al. (2008) recently proposed15

reducing the OA contribution at m/z 18 to 0.225 times the OA signal at m/z 44. Here
we have chosen to maintain the original fragmentation scheme for m/z 18. Since our
biomass smoke was dominated by carbonaceous aerosol there should be minimal par-
ticle bound water under the low relative humidity conditions of these experiments (less
than 20%). In addition, with the default fragmentation table, the AMS particle-bound20

water signal was always positive, which suggests that we have not over-apportioned
m/z 18 to organics. Further, PToF data generally indicates that the particle signal at
m/z 18 is aligned with, and of similar magnitude to, that at m/z 44. Updating the
fragmentation scheme for m/z 18 to that proposed by Aiken et al. (2008) only has a
minor effect on our results. For example, it reduces the AMS OA mass by 1 to 7% with25

corresponding increases in the relative contribution of other peaks.
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2.1 Spectral decomposition of the AMS data

The AMS OA mass spectrum (MS) was decomposed into primary and secondary com-
ponents using the residual spectrum approach (Sage et al., 2008). This approach uses
the AMS signal at a single m/z as a tracer for primary OA. The residual spectrum
(MSresidual) is defined as5

MSresidual(t)=MStotal(t)−ftracer(t)×MSPOA (1)

where MStotal(t) is the measured OA MS at time t, MSPOA is the POA MS determined
by averaging the AMS data for 15 to 25 min before turning on the chamber lights (i.e.
before the initiation of photochemistry). The MSPOA is scaled using an estimate of the
fraction of primary mass present (ftracer),10

ftracer(t)=
mtracer(t)

mtracer(t0)
(2)

where mtracer(t) and mtracer(t0) are the masses at the tracer peak at time t and at
“lights-on”, respectively.

The results from the spectral decomposition provide an estimate of the OA produc-
tion in the chamber. We express this production as an OA enhancement ratio:15

ER=
mtotal

mPOA
=

1
fPOA

=
1

1−fresidual
(3)

where mtotal and mPOA are the organic mass in the entire MS and attributed to the POA
MS, and fPOA and fresidual are the fractions of the total organic mass attributed to the
POA and residual spectra, respectively.

The tracer peak is assumed to be a marker for the primary emissions. It can be se-20

lected based on a qualitative assessment of MS peak contributions (looking for peaks
with individual contributions that do not respond to the initiation of photochemistry) and
knowledge of likely primary markers. For example, previous experiments with diesel
exhaust used m/z 57 (a marker for hydrocarbon-like organic aerosol – HOA) as the
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tracer peak (Sage et al., 2008). Here we used primary markers for wood smoke, in-
cluding m/z 60, 73, 137 and 167 (Alfarra et al., 2007; Schneider et al., 2006). We
also allowed the POA tracer peak to “float”, by selecting the peak which minimizes the
value of ftracer for each individual MS; this is the first peak to go negative when sub-
tracting progressively larger amounts of the POA spectrum from the total spectrum.5

The algorithm minimizes ftracer under the constraints that:

a) in the total MS, a fragment has a signal-to-noise ratio greater than three and
contributes at least 0.5% of the total mass, and

b) in the POA MS that the peak varies by less than 10% among the AMS scans that
are averaged to yield the POA spectrum.10

Our previous work with diesel exhaust demonstrated that the primary-secondary split
determined by the spectral decomposition method agrees well with estimates based on
other methods (Sage et al., 2008; Weitkamp et al., 2007). However, the residual ap-
proach assumes that the POA spectrum is constant in time and that the tracer peak is
a conserved tracer for the POA. This means that POA composition does not evolve due15

to heterogeneous processing or changes in gas-particle partitioning. If the compound
associated with the tracer peak is heterogeneously oxidized or evaporates during an
experiment then the spectral decomposition method based on this peak will underesti-
mate the contribution of POA. Alternatively, if the tracer peak is produced by secondary
chemistry then the spectral decomposition method will overestimate the contribution of20

POA. These assumptions and associated issues are discussed in more detail by Sage
et al. (2008).

2.2 OA Volatility

Particle volatility was measured with a thermodenuder (TD) system that first heated the
aerosol and then stripped the evaporated gas-phase components using an activated-25

carbon denuder (An et al., 2007). Gas temperatures in the heated zone ranged be-
tween 50 and 85◦C; the residence time in the heated section was approximately 16 s.
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Measurements were taken with an SMPS and the AMS downstream from the TD sys-
tem and a bypass line maintained at 25◦C. The instruments were switched between
these two lines every 15 to 30 min.

OA evaporation in the TD is quantified using the mass fraction remaining (MFR):

MFR=
CTD
Cbypass

(4)5

where CTD and Cbypass are the AMS concentrations measured downstream of the TD
and bypass lines, respectively. MFRs were calculated for the bulk OA and individual
AMS mass fragments. Total number loss in the TD system was found to be less than
2% (An et al., 2007) and loss of non-refractory mass measured by the AMS less than
5% at ambient temperatures. Previously published data with similar TD designs (Huff-10

man et al., 2008; Wehner et al., 2002) suggest that mass loss in our particle size- and
TD temperature-ranges would be on the order of 5 to 10%. No adjustments were made
for these losses.

3 Results

3.1 OA production estimates via spectral decomposition15

Photo-oxidation of the diluted wood smoke inside the chamber created substantial new
OA mass (Grieshop et al., 2008). Figure 1 compares estimates of OA production de-
rived using the spectral decomposition method to results based on using black carbon
(BC) as the tracer for chamber wall loss. The BC-based approach is discussed in the
companion manuscript (Grieshop et al., 2008). The results are presented in terms20

of an OA enhancement ratio (ER), which quantifies OA production relative to the ini-
tial POA concentration. For example, an OA enhancement ratio of two indicates that
photo-oxidation has doubled the wall-loss corrected OA concentration in the chamber.
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Figure 1 plots OA enhancement ratios calculated using different mass fragments asso-
ciated with primary wood smoke OA (m/z 60, 73, 137 and 167) (Alfarra et al., 2007;
Schneider et al., 2006) and the floating-peak residual method described in Sect. 2.1.

The floating-peak method predicts that photo-oxidation doubles or triples the OA
mass after about five hours under typical summertime conditions. These estimates5

are comparable to those derived using the BC method. However, the tracer fragment
identified by the floating-peak method for the primary OA varied from experiment to
experiment. In the two experiments shown in Fig. 1, the floating-peak method identified
m/z 137 and 167 as the tracer fragment for primary emissions in one experiment
(Fig. 1a) and m/z 60 in a second (Fig. 1b). In other experiments (not shown) m/z10

113, 165 and 152 were identified as tracers for primary OA. In contrast, application of
the residual method to diesel exhaust always identifies m/z 57 as the primary tracer
fragment (Sage et al., 2008). This highlights the inherent variability in wood-smoke
POA and underscores the challenges associating with using a single spectral marker
for biomass-burning OA.15

In every experiment at least one of the AMS mass fragments identified as a marker
for primary OA from wood smoke yields a poor estimate for the OA production. For
example, using either m/z 60 or 73 as the tracer fragment for the residual decomposi-
tion greatly underestimates the OA production in the experiment shown in Fig. 1a. In
this experiment (and two others, see Fig. 5b for m/z 60 data) the relative contribution20

of these mass fragments was very low and did not change with aging. This suggests
some secondary production of these mass fragments; for example, smog-chamber ex-
periments with traditional SOA precursors produce modest amounts of organic mass
at m/z 60 (between 0.3 and 0.6% of the total signal) (Bahreini et al., 2005; Ulbrich and
Jimenez, 2008) while ambient OOA spectra in the absence of strong biomass-burning25

influence have ∼0.2–0.3% of the signal at m/z 60 (Ulbrich et al., 2008; Zhang et al.,
2005a). In the experiment shown in Fig. 1b, the ER estimated using m/z 137 as the
POA tracer is substantially higher than other estimates. This means that the relative
contribution at m/z 137 decays more quickly than the other peaks, potentially due to

17104

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 17095–17130, 2008

Laboratory studies of
the atmospheric

aging of wood smoke
– Part 2

A. P. Grieshop et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

heterogeneous oxidation and/or preferential evaporation. The TD data discussed be-
low support the aging hypothesis because m/z 137 is found to be one of the least
volatile peaks in the spectrum.

The particle size distributions measured by the AMS provide another indication of
the substantial production of new OA during photo-oxidation. Figure 2 shows size5

distributions for selected AMS fragments associated with primary (m/z 60 and m/z
39) and secondary material (m/z 44 and m/z 46). The fragment at m/z 44 is a marker
for oxygenated organics (Zhang et al., 2005a; Zhang et al., 2005b), while m/z 60 is a
marker for primary wood-smoke OA (Alfarra et al., 2007; Schneider et al., 2006). K+

and organics contribute to the AMS signal at m/z 39. NO+
3 and organics contribute to10

the AMS signal at m/z 46. Figure 2a shows that in our fresh wood-smoke samples all of
these fragments have a modal vacuum aerodynamic diameter (dva) of about 180 nm.
Figure 2b indicates that aging increased the mode of the particle size distribution to
about 250 nm and increased the relative contribution of secondary fragments (m/z
44 and 46); clear evidence of particle growth driven by condensation of secondary15

species. All of the mass fragments have essentially the same size distribution, which
suggests that the particles are internally mixed.

3.2 Evolution of OA chemical composition

The AMS data provide insight into the evolution of the chemical nature of the OA.
Figure 3a compares a portion of the organic MS of emissions from a smoldering Yellow20

Pine fire measured at the beginning and the end of an experiment. The spectrum of
the fresh POA is qualitatively similar to published wood-burning spectra (Alfarra et al.,
2007; Schneider et al., 2006) with dominant peaks at 15, 18, 27, 29, 41 and 43. After
5 h of aging, the relative contributions from peaks associated with oxygenated OA, such
as m/z 29 (CHO+), 43 (C2H3O+, also C3H+

7 ) and 44 (CO+
2 ) have grown significantly.25

The aged spectra also show a substantial increase in the particle signal at m/z 46,
evidence of the production of nitrate (presumably organic in nature due to the lack of
ammonium in the chamber) during the photo-oxidation.
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A noteworthy difference between the spectra shown in Fig. 3a and previously pub-
lished AMS results is that m/z 28 is frequently the largest contributor to the organic
mass spectrum. This was observed in every experiment. Evidence for the substantial
OA signal at m/z 28 is shown in Fig. 4. Figure 4a shows size distributions of se-
lected m/z measured in PToF mode. The signal at m/z 28 is large at small diameters5

due to gas-phase N+
2 but there is also an unequivocal particle-phase signal peaking

at approximately 150 nm aligned with the other m/z from wood-smoke POA, including
44, 60, 73 and 137. Figure 4b shows a time series of the raw ion signal at m/z 28.
The dashed line and lower hatched area indicate the baseline signal from gas-phase
N+

2 derived from measurements made before wood smoke was injected in the cham-10

ber and measurements made at the end of the experiment through a HEPA filter. The
dashed line is a linear interpolation between these measurements. The baseline m/z
28 signal shows the expected decay due to degradation of the AMS electron multiplier
during the experiment (Allan et al., 2003). Figure 4b shows that there was a substantial
increase in the m/z 28 signal above this baseline when wood smoke was injected into15

the chamber.
We estimated the particle-phase contribution at m/z 28 as the signal above a base-

line air-beam signal shown in Fig. 4b. This estimate was in good general agreement
with similar estimates derived from the integration of PToF gas- and particle-phase
data (see Zhang et al., 2005a) for description of method). The approximate uncertainty20

in the estimated m/z 28 particle signal is ±25% based on intercomparison of the es-
timates from these two methods. Figure 4c plots the time series of the ratio of the
organic-equivalent masses at m/z 28 to 44. In this experiment, m/z 28 initially con-
tributes 8 times more OA than m/z 44. Across the entire set of experiments, m/z 28
contributed 10 to 25% of the OA in fresh wood smoke POA – a factor of 4 to 10 higher25

than the organic contribution at m/z 44. Figure 4c indicates that this ratio decreases
rapidly to about two after about half an hour of photochemical aging. Several studies
have shown that the organic signal at m/z 28 can be comparable or larger than that at
m/z 44 for ambient organics (Aiken et al., 2008; Takegawa et al., 2007; Zhang et al.,
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2005a). Aiken et al. (2008) have proposed that the organic fragmentation table used
in the AMS software for ambient studies be updated to set the organic contribution at
m/z 28 (mostly CO+) equal to that at m/z 44. Our results suggest that this may be
too small for fresh wood smoke samples. Although m/z 28 appears to be an important
contributor to the OA MS in these experiments, we neglect its contribution in plots of5

fragment contributions (Figs. 3b, 5 and 7) in order to facilitate direct comparisons of our
data with published AMS data that are based on the Allan et al. (2004) fragmentation
table.

Figure 3b shows a time series of the fractional contribution of selected AMS mass
fragments to the total organic spectrum from a typical experiment. First we discuss10

fragments associated with primary emissions. Fragments at m/z 60, 73, 137 and 167
are associated with biomass burning emissions (Alfarra et al., 2007; Schneider et al.,
2006) and the unit mass-resolution AMS fragment at 57 (C4H+

9 , but also C3H5O+)
is commonly associated with reduced organics emitted from fossil-fuel combustion
sources (Zhang, 2007). After the lights were turned on, the relative contribution of15

all of these POA-associated peaks decreased, especially during the first 2 h of aging.
This decrease is due to the production of substantial new OA mass. Some of the pri-
mary fragments (m/z 57, 60 and 73) also decreased before the UV lights were turned
on. We attribute this decrease to evolving gas-particle partitioning associated with the
initial dilution of the exhaust that occurred when the exhaust was first injected into the20

chamber. In-chamber dilution experiments have shown that equilibration after dilution
can occur on time scales on the order of hours (Grieshop et al., 2007, 20082). As
discussed below, the TD measurements indicate that m/z 57, 60 and 73 are some of
the most volatile fragments in the AMS spectra.

Figure 3b also plots time series of AMS mass fragments associated with OOA com-25

ponents, such as m/z 44 and 43. The fractional contributions at m/z 44 and 43 to total
OA mass have been used as an indicator of OOA and OOA-II, respectively, in ambient

2Grieshop, A. P. and Robinson, A. L.: Gas-particle partitioning of fresh diesel emissions at
near-ambient concentrations, in preparation, 2008.
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data sets (Ulbrich et al., 2008; Zhang et al., 2005a; Zhang, 2007). The relative con-
tribution of m/z 44 (CO+

2 ) increased throughout the aging phase of every experiment,
mirroring the production of OA. This means that OA formed during photo-oxidation was
more oxygenated than the fresh, primary OA. In this experiment, the fractional contri-
bution at m/z 43 increased from 4 to 6% of the OA mass within the first 2 h of aging5

after which it remained constant. m/z 43 is associated with both hydrocarbon/primary
(C3H+

7 ) and secondary/oxygenated (C2H3O+) components of the aerosol. The relative
contribution at m/z 28 also increased with aging, but less than that at m/z 44. As a
result, the approximate ratio of m/z 28 and 44 was reduced from 4 to 2 during aging.

High molecular weight mass fragments contribute a substantial fraction of the wood10

smoke POA. Figure 3b shows that approximately 25% of the initial OA mass is found at
mass fragments with m/z larger than 100; after 5.5 h of aging the contribution of these
fragments drops to 11%. Therefore, the OA produced in the chamber is composed
of smaller molecules and/or species less resistant to fragmentation in the AMS. High
mass fragments contribute an even smaller fraction (∼3%) of ambient OOA spectra15

(Zhang et al., 2005a).
Figure 5 plots the time series for the fractional contribution for two important mass

fragments, m/z 44 and 60, measured in all of the experiments (the values neglect
the contribution at m/z 28 to the OA mass to facilitate comparison with published
AMS data). These experiments spanned a range of burning conditions and fuel types20

(Grieshop et al., 2008). Figure 5a shows that the contribution from m/z 44 increased
during photo-oxidation in every experiment. For the Oak experiments, the initial con-
tribution at m/z 44 ranged from 4 to 8% (3.5 to 5.5% if the contribution m/z 28 is
included in the OA mass) and was enhanced by a factor of 1.6 to 2 with aging. Pine
experiments had initial m/z 44 contributions of 1.5 to 3.9% (1.2 to 3% if the particle25

contribution at m/z 28 is accounted for) which were enhanced by a factor of 2.2 to 5.6
with aging. Therefore, in every experiment, photo-oxidation created more oxygenated
OA.

Figure 5b indicates that the fractional contribution at m/z 60 exhibited more variation
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across the set of experiments. In some experiments there was a significant contribution
to the POA from m/z 60: 1 to 4% of the organic mass, comparable to the 0.5 to 4%
range reported for fresh biomass burning emissions (Schneider et al., 2006). However,
in other experiments, m/z 60 contributed minimally to the POA (less than 0.5%), and
the fractional contribution at this fragment remained basically constant throughout the5

entire experiment, consistent with some secondary production. If m/z 60 is used as
the tracer for the primary emissions in these experiments the residual decomposition
method predicts very little OA production (e.g. Fig. 1a).

Figure 6 plots measurements of OA evaporation as a function of thermodenuder
temperature. Results are shown for both the total AMS organic signal and selected10

AMS mass fragments for both fresh emissions and those aged for 4 h. The results
are averages across all of the experiments. The volatility of the bulk OA is discussed
in detail in the companion paper (Grieshop et al., 2008). Figure 6 indicates that, on
average, about 60% of the fresh POA evaporated at 50◦C and that aging decreased
the volatility of the OA.15

Fragments associated with POA show a range of volatilities: m/z 60, 73 and 57 are
among the most volatile fragments while m/z 137 is one of the least volatile fragments.
After aging, higher temperatures were required to evaporate the same amount of these
primary fragments in the wood smoke. The relative volatility of the different fragments
in the aged aerosol (Fig. 6b) is similar to that in fresh OA (Fig. 6a), but shifted to20

roughly align with the behavior of the bulk OA. Therefore, even after aging, fragments
at m/z 60, 73 and 57 are substantially more volatile than the bulk OA. The cause for
this apparent shift in volatility of the primary fragments with aging is not known. This
shift could indicate an actual change in volatility or may be due to differences in the
evaporation rates of fresh and aged aerosol inside the thermodenuder. Although Fig. 625

is based on average data, the trends discussed were observed in every experiment.
Figure 6 shows that the fragment at m/z 44 is always less volatile than the bulk

aerosol, indicating that the more oxidized components of OA have lower volatilities.
For example, partial evaporation in the TD increases the fractional contribution of m/z
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44. This is illustrated in Fig. 7, which presents time series of the fractional contribu-
tion at m/z 44 and thermodenuder data measured during an experiment conducted
with emissions from smoldering Yellow Pine. This has been previously shown in both
laboratory and field studies (Grieshop et al., 2007; Huffman et al., 20083).

Figure 7 indicates that the fractional contribution of m/z 44 is not a perfect mea-5

sure of the overall OA volatility in these experiments. For example, aging caused the
fractional contribution of m/z 44 to monotonically increase throughout every experi-
ment, but the OA MFR measured at 50◦C shows a step change in volatility (see also
Fig. 5 in the companion manuscript of Grieshop et al., 2008). This implies that volatil-
ity of the SOA evolved over the course of the experiment. Specifically it suggests10

that the SOA initially created by aging is somewhat less volatile and less oxygenated
than that formed later in the experiment. This can occur because volatility depends
on both molecular weight and extent of oxygenation. For example, the initial burst of
SOA formation could be associated with oxidation of relatively reduced semivolatile
vapors that create very low-volatility but not very oxygenated products. Later in the ex-15

periment second- and third-generation precursors may become more important. These
later-generation precursors may have lower molecular weights than the first-generation
precursors due either to fragmentation or multigenerational processing of initially more
volatile precursors. In this situation, the SOA formed from later-generation precursors
could be highly-oxygenated, but not necessarily less volatile than the first generation20

SOA.

3.3 Intercomparison of AMS spectra

Figure 8 compares three AMS organic spectra. Two of the spectra are from a pine-
fire aging experiment; Fig. 8a is an average of the fresh (un-aged) wood-smoke POA

3 Huffman, J. A., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., DeCarlo, P. F., Jayne, J. T.,
Onasch, T. B., Trimborn, A., Worsnop, D. R., Ziemann, P. J., and Jimenez, J. L.: Volatility of
primary and secondary organic aerosols in the field contradicts current model representations,
Environ. Sci. Technol., submitted, 2008.
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measured before the chamber lights were turned on and Fig. 8c plots the residual
spectrum from this experiment after four hours of aging derived using m/z 60 as the
POA tracer. This residual spectrum is the approximate AMS signature of the OA that
was photochemically produced during the experiment (Sage et al., 2008). Figure 8e
shows the OOA spectrum derived from the ambient data collected during the Pittsburgh5

Air Quality Study (Ulbrich and Jimenez, 2008; Zhang et al., 2005a). Figure 8b and d
shows difference spectra.

The difference spectrum plotted in Fig. 8b indicates that the fresh wood-smoke POA
is quite distinct from the aged residual; for example, fresh wood-smoke POA has
a much larger contribution at higher-mass peaks than the residual spectrum. Oxy-10

genated peaks such as m/z 44 are also much more significant in the residual than the
POA spectrum. In comparison, the difference spectrum shown in Fig. 8d indicates that
this residual spectrum is quite similar to Pittsburgh OOA.

Linear regression of relative spectral intensities can be used to quantitatively com-
pare AMS data (Alfarra et al., 2006; Schneider et al., 2006). The approach is illustrated15

by the scatter plots shown as insets in Fig. 8a and e. For this analysis, the spectral
contributions at m/z 16, 17 and 18 have been excluded in the correlations because
they all depend via uncertain fragmentation schemes on m/z 44. The contribution
at m/z 28 has also been excluded because it has traditionally been neglected in the
AMS fragmentation scheme. Linear regression of the fresh wood-smoke spectrum ver-20

sus the residual spectrum plotted as an inset in Fig. 8a yields slope, intercept and R2

values of 0.42, 0.19 and 0.64, respectively. This underscores that wood-smoke POA
and OA produced by photo oxidization have distinct spectral signatures in the AMS. As
expected from the difference spectra shown in Fig. 8d, a very strong correlation is ob-
served between the residual spectra and Pittsburgh OOA (slope=1.01, intercept=0.00,25

R2=0.93); therefore photo-oxidation of biomass smoke generates OOA similar to that
observed in the atmosphere.

To illustrate how the wood-smoke OA evolves with aging, Fig. 9 compares AMS data
from one experiment to eight different reference spectra. Each trace plotted in Fig. 9
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indicates the R2, slope or intercept of a linear regression of our total OA spectra versus
one of the reference spectra. Since we measured an AMS spectrum every 5 min, the
results are presented as a time series to show the evolving linear correlation of our
data versus one of the reference spectra. As previously discussed, the contributions at
m/z 16, 17, 18 and 28 are also excluded from this analysis.5

Figure 9a compares our spectra to ambient AMS data thought to be strongly in-
fluenced by biomass burning. We consider two biomass-burning OA (BBOA) factors
derived from ambient measurements made in Mexico City during the MILAGRO cam-
paign (Aiken et al., 2008; DeCarlo et al., 2007). One of the Mexico City BBOA factors
is based on ground measurements made during the early morning and is therefore10

thought to be dominated by relatively fresh primary emissions (Aiken et al., 2008). The
other Mexico City BBOA factor is based on measurements made aloft from a C-130
aircraft during the late morning and afternoon (DeCarlo et al., 2007); this BBOA factor
is thus likely aged in a similar way to what is observed in our study. We also consider
a total OA spectra measured in a biomass-burning plume from Siberian forest fires at15

5.5 km of altitude over Alaska from the NASA DC-8 aircraft during the ARCTAS-1 field
campaign (all spectra from Jimenez, personal communication, 2008). The ARCTAS
data is expected to be even more aged than either of the MILAGRO factors.

Of all of the reference spectra considered here, Fig. 9 indicates that our fresh pri-
mary OA data are most correlated with Mexico City BBOA factor derived from the20

early morning ground-based measurements (R2=0.78; slope=0.90; intercept=0.15).
Biomass burning is a highly variable source and this level of correlation is comparable
to that observed amongst different fresh wood-smoke spectra measured during source
tests. For example, R2 values among our POA spectra collected during different ex-
periments ranged between 0.5 to 0.95, which is comparable to correlations of our POA25

spectra with other published biomass burning data (Bahreini et al., 2005; Schneider
et al., 2006; Ulbrich and Jimenez, 2008). Aging causes our data to become progres-
sively less correlated with the MILAGRO ground-based BBOA factor. This supports the
conclusion that the early morning ground measurements made during MILAGRO were

17112

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 17095–17130, 2008

Laboratory studies of
the atmospheric

aging of wood smoke
– Part 2

A. P. Grieshop et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

strongly influenced by fresh biomass burning emissions.
Our fresh POA emissions are not well correlated with the two aged BBOA spec-

tra measured aloft. However, photo-oxidation causes our measured spectra to be-
come progressively more correlated to the two aged BBOA factors (MILAGRO air-
borne and ARCTAS-1). After five hours of aging there is excellent agreement with both5

of these factors; for example a linear regression with the MILAGRO aloft factor yields
an R2=0.90, slope=0.97 and intercept=0.03. A similar trend is seen with spectra from
our other experiments, with the aged BBOA factors showing a stronger correlation to
spectra collected after more aging. This highlights the dynamic character of the chem-
ical composition of biomass-burning emissions and that the photochemical age of air10

masses should be considered when interpreting results from factor analysis of ambient
data sets.

Figure 9b compares our wood-smoke spectra to HOA and OOA factors derived from
the Pittsburgh Air Quality Study dataset (Ulbrich and Jimenez, 2008; Zhang et al.,
2005a). As expected, wood-smoke spectra (fresh or aged) are not similar to HOA15

factor, which is associated with fresh emissions from internal combustion sources such
as vehicles. Our fresh wood-smoke spectra are also not that similar to the ambient
OOA factor. This indicates that OOA and primary BBOA can be distinguished by factor-
analysis techniques. However, aging causes the wood-smoke spectrum to become
increasingly correlated with the reference OOA spectrum. After about one hour of20

aging, the aged wood-smoke spectra has become well-correlated with Pittsburgh OOA
spectrum (R2=0.89, slope=0.45, intercept=0.12). The small slope suggests that our
total wood-smoke OA is less oxidized than the Pittsburgh OOA. This is not surprising
since our total spectrum contains significant primary and secondary components. As
shown in the inset panel in Fig. 8e, much better agreement is observed if one compares25

our residual spectrum (not total OA spectrum) with the Pittsburgh OOA. The residual
spectrum is our best estimate of the spectral signature of the OA produced during the
experiments.

Figure 9c compares our wood-smoke data to reference spectra measured dur-
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ing similar experiments conducted with diesel-engine emissions (Sage et al., 2008;
Weitkamp et al., 2007). We consider three reference spectra from the diesel experi-
ments: fresh primary emissions (diesel POA); the total OA spectrum after 5 h of ag-
ing; and the residual spectra after 5 h of photo-oxidation. As expected, there is little
correlation between the fresh diesel POA and any of the AMS data from the wood5

smoke experiments. Therefore we conclude that fresh primary diesel emissions and
wood smoke have distinct AMS signatures, consistent with previous studies. How-
ever, aging of wood smoke creates OA that becomes progressively more similar to the
aged diesel emissions. For example, after two hours of aging, the wood-smoke OA
spectra are strongly correlated with both the aged diesel total OA reference spectrum10

(R2=0.89, slope=0.89, intercept=0.04) and the aged diesel residual reference spec-
trum (R2=0.88, slope=0.61, intercept=0.12). Therefore, photo-oxidizing diluted emis-
sions from these very different sources creates OA with similar chemical profiles as
measured by a Q-AMS. This occurs even though fresh diesel and wood-smoke emis-
sions are chemically distinct – diesel emissions are dominated by saturated species15

(e.g. straight-chain and cyclic alkanes and aromatic species) (Schauer et al., 1999)
while wood smoke is composed of more oxygenated species (e.g. sugars, resin acids
and phenols) (Schauer et al., 2001). This underscores the significant role of atmo-
spheric processing in altering and homogenizing the composition of atmospheric OA.

Although Figs. 8 and 9 present data from a single experiment, similar trends are20

observed in every experiment. In addition, the conclusions hold even if one considers
only a subset of the AMS data, for example m/z larger than 44 (an approach used
to mitigate the influence in the R2 calculation of the high contributions from smaller
masses in AMS spectra).

4 Discussion and conclusions25

This paper and its companion (Grieshop et al., 2008) demonstrate that photo-oxidation
of diluted wood-combustion emissions in a smog chamber rapidly produces substantial

17114

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17095/2008/acpd-8-17095-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 17095–17130, 2008

Laboratory studies of
the atmospheric

aging of wood smoke
– Part 2

A. P. Grieshop et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OA with a chemical character quite distinct from the primary emissions. After several
hours of aging under atmospherically relevant conditions, the unit mass resolution AMS
spectrum of this new OA is very similar to the spectrum of OOA that dominates ambient
OA levels in many locations (DeCarlo et al., 2007; Zhang et al., 2005a).

We have now demonstrated that photo-oxidation of emissions from combustion of5

fossil fuels (Robinson, 2007; Sage et al., 2008) and modern fuels (this work) produce
substantial amounts of OA with a unit-resolution AMS spectrum closely resembling
OOA. In contrast, traditional SOA sources – oxidation of VOC precursors – have not;
for example, mass spectra from monoterpene plus ozone reactions are markedly differ-
ent from OOA (Alfarra et al., 2006; Bahreini et al., 2005; Zhang et al., 2006). However,10

traditional SOA experiments typically only consider first- or early-generation oxidation
products. These products constitute a pool of semivolatile compounds similar in volatil-
ity to the fresh diesel and fresh biomass burning sources we are discussing here. It
is possible that this ‘fresh traditional’ SOA can also be aged to yield something more
closely resembling OOA. This aging appears to dominate ambient OA outside of ur-15

ban centers, no matter what the original OA source – primary emissions, oxidation of
volatile precursors, fossil or modern. Given that atmospheric oxidation chemistry is not
overly selective, it is also quite possible that the relatively uniform character of OOA is
due to photo-oxidation of emissions from different sources producing chemically similar
material and not simply an artifact of the fragmentation that occurs inside the AMS.20

The results of this study lend support to the use of factor analysis to help inter-
pret ambient AMS data. For example, the spectral characteristics of fresh and aged
BBOA are distinct from fresh motor-vehicle emissions. Our study further reinforces
the connection between OOA and OA formed from photo-chemistry. In fact, with unit-
mass-resolution AMS data alone, it is difficult to distinguish OOA (derived from factor25

analysis of ambient data) from OA formed from the laboratory aging of biomass burn-
ing emissions or diesel emissions. In addition, the substantial evolution of wood smoke
(and diesel) spectra with aging underscores the challenges associated with trying to
use static factors to represent emissions of different sources.
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Fig. 1. OA enhancement ratios estimated using BC and residual decomposition methods.
The data are from experiments 3 (a) and 5 (b) described in Tables 1 and 2 in the companion
manuscript (Grieshop et al., 2008).
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Fig. 2. Size distribution of selected AMS fragments of (a) fresh and (b) aged wood smoke from
a flaming Yellow Pine experiment. Data are from Experiment 4 summarized in Tables 1 and 2
of the companion manuscript (Grieshop et al., 2008).
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in Tables 1 and 2 of the companion manuscript (Grieshop et al., 2008).
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the OA mass neglecting the contribution from m/z 28 to facilitate comparison with published
AMS data. Arrows in (b) show typical contribution at m/z 60 in typical OOA and HOA spectra
(see e.g. Zhang et al., 2005a). See the companion manuscript (Grieshop et al., 2008) for
experimental details.
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Fig. 7. Time series of measured MFR at 50 and 70◦C (left axis) and fractional contribution at
m/z 44 (right axis). Bars show periods when sample was drawn through the thermodenuder
and the filled areas show the OA MFR. Also shown is an estimate of OA atomic O:C ratio based
on the relation from Aiken et al. (2008). Fractional contribution at m/z 44 shown relative to the
OA mass neglecting the contribution from m/z 28 to facilitate comparison with other AMS data.
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Fig. 8. Comparison of AMS spectra (a) fresh wood smoke OA, (c) residual of aged wood
smoke OA; and (e) the OOA factor extracted from Pittsburgh ambient measurements (Zhang
et al., 2005a). The spectra shown in panels (b) and (d) are difference between the residual
and other spectra. Contributions at m/z 28 in the laboratory spectra have been zeroed and the
spectra renormalized to allow direct comparison with Pittsburgh OOA. The inset scatter plots
show linear regressions of the wood-smoke residual with wood-POA (a) and Pittsburgh OOA
(e) with contributions at m/z 16, 17, 18 and 28 removed. Data are from experiment 5 listed in
Tables 1 and 2 of the companion manuscript (Grieshop et al., 2008).
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Fig. 9. Comparison of laboratory AMS OA mass spectra with reference spectra from other
laboratory and field studies. Each row shows time series of R2, slope and intercept values
of linear regressions of the time-evolving wood-smoke spectra with a set of fixed reference
spectra. (a) The first row shows comparisons with BBOA spectra measured in or derived from
ambient studies. (b) The second row shows comparisons with ambient HOA and OOA spectra
measured in Pittsburgh. (c) The third row shows comparisons with spectra from diesel aging
experiments (Sage et al., 2008). BBOA spectra provided by J. L. Jimenez. Chamber data are
from Experiment 5 listed in Tables 1 and 2 of the companion manuscript (Grieshop et al., 2008).
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