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Abstract. Experiments were conducted to investigate the ef-spectra of aged emissions from different sources represents
fects of photo-oxidation on organic aerosol (OA) in dilute an important challenge for AMS-based source apportion-
wood smoke by exposing emissions from soft- and hard-ment studies.

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 Spectromete{ |ntroduction

(AMS). The results highlight how photochemical processing

can lead to considerable evolution of the mass, volatility andOrganic aerosols (OA) are a highly-dynamic system domi-
level of oxygenation of biomass-burning OA. Photochemi- nated by both variable gas-particle partitioning and chemical
cal oxidation produced substantial new OA, more than dou-evolution. The sources of OA are not well understood, espe-
bling the OA mass after a few hours of aging under typical cially the relative contributions of primary versus secondary
summertime conditions. Aging also decreased the volatil-organic aerosol. Primary organic aerosols (POA) are directly
ity of the OA and made it progressively more oxygenated.emitted by sources; secondary organic aerosols (SOA) are
The results also illustrate strengths of, and challenges withformed in the atmosphere from the oxidation products of gas-
using AMS data for source apportionment analysis. For exphase precursors. Recent ambient measurements with the
ample, the mass spectra of fresh and aged BBOA are disAerodyne Aerosol Mass Spectrometer (AMS) have shown
tinct from fresh motor-vehicle emissions. The mass spectrahat oxygenated OA (OOA) is the dominant component of
of the secondary OA produced from aging wood smoke areDA in most regions of the atmosphere (Zhang et al., 2007).
very similar to those of the oxygenated OA (OOA) that domi- OOA is strongly correlated with secondary tracers such as
nates ambient AMS datasets, further reinforcing the connecinorganic species (Ulbrich et al., 2008; Zhang et al., 2005b)
tion between OOA and OA formed from photo-chemistry. and odd oxygen (@-NO; or Oy) (Herndon et al., 2008) in

In addition, aged wood smoke spectra are similar to thoseambient datasets. Therefore, OOA appears related to SOA,;
from OA created by photo-oxidizing dilute diesel exhaust. however, the AMS mass spectrum of SOA generated in tradi-
This demonstrates that the OOA observed in the atmosphergonal smog chamber experiments is often spectrally distinct
can be produced by photochemical aging of dilute emissiongrom ambient OOA (Bahreini et al., 2005). In addition, field
from different types of combustion systems operating on fu-(de Gouw et al., 2008; de Gouw et al., 2005; Volkamer et
els with modern or fossil carbon. Since OOA is frequently al., 2006) and laboratory (Grieshop et al., 2009a; Robinson,
the dominant component of ambient OA, the similarity of 2007; Sage et al., 2008; Weitkamp et al., 2007) measure-

ments have shown that gas-phase oxidation can form much
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more SOA than is predicted by current models.
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Recently, we have shown that photo-oxidation of diluted filtered air. Upon entering the chamber, the exhaust rapidly
exhaust from a diesel engine produces substantial amountsixed and cooled to 222°C. Initial particle concentrations
of SOA that is spectrally similar to OOA (Robinson, 2007; were tens to hundreds pfg m~23 of predominantly carbona-
Sage et al., 2008). Although motor vehicles are an importanteous material. The primary emissions were characterized
source of aerosols in urban environments, biomass burning ifor ~1 h and then the chamber UV lights were turned on to
a much more important source at global scales. For examplénitiate photo-oxidation reactions. The evolution of the wood
biomass-burning is estimated to contribute 90% of the globakmoke was monitored using a suite of gas- and particle-phase
emissions of primary particulate organic carbon (OC) frominstruments.
combustion sources (Bond et al., 2004). Separate experiments were conducted with emissions from

Aerosol emissions from biomass burning are often iden-mixed hardwood, Laurel Oak and Yellow Pine fires burn-
tified using particle constituents such as chloride, potassiuning under a variety of conditions, from smoldering to active
and levoglucosan (Simoneit et al., 1999). Recently, the conflaming combustion. Gas- and particle-phase concentrations
tribution of biomass burning emissions to urban OA con-inside the chamber were similar to field measurements of
centrations has been estimated by factor analysis of ambieritesh biomass plumes (Grieshop et al., 2009a). For example,
AMS data (DeCarlo et al., 2008; Lanz et al., 2007). How- modified combustion efficiencies (MCE, Koppmann et al.,
ever, source apportionment of biomass-burning emissions i2005) ranged between 0.58 and 0.93 with a median value of
complicated by the evolution of these emissions in the at-0.87. Organic-to-elemental-carbon ratios of the fresh wood-
mosphere. For example, dilution measurements show thatmoke aerosol ranged from 1.1 to 13. Additional details
the gas-particle partitioning of biomass burning emissionson the experimental conditions are reported in a companion
depends on atmospheric conditions (Lipsky and Robinsonmanuscript (Grieshop et al., 2009a).

2006; Shrivastava et al., 2006). Multiple field studies report This paper focuses on data from a unit-mass-resolution
substantial in-plume production of OA (Abel et al., 2003; quadrupole Aerodyne Aerosol Mass Spectrometer (AMS)

Lee et al., 2008; Nopmongcol et al., 2007; Reid et al., 1998;(Canagaratna et al., 2007). The AMS collected data with 5

Reid et al., 2005). Other studies have observed substarminute time resolution at a vaporizer temperature of°€)0

tial chemical evolution of biomass-burning emissions with alternating between mass spectrum (MS) scanning, Jump
atmospheric aging but without additional production of OA Mass Spectrum (JMS, Crosier et al., 2007) and particle time
(Capes et al., 2008; Hoffer et al., 2006). of flight (PToF, Jimenez et al., 2003) modes. The mass frag-

This is the second paper in a two-part series that invesiments scanned in PToF mode were selected to give infor-
tigates the effects of photo-oxidation on wood smoke. Asmation about the size distributions and mixing states of im-
discussed in the companion paper (Grieshop et al., 2009aportant non-refractory species (organics, nitrate, potassium,
modest amounts of photo-oxidation of diluted wood smokeetc.). The mass fragments scanned in JMS mode were se-
in a smog chamber produced substantial amounts of SOAlected to improve the signal-to-noise ratio for fragments of
On average, less than 20% of this new OA could be explainegparticular interest in organic mass spectra (e:gz 44 and
by oxidation of traditional SOA precursors. Results from a 57) and those expected to make significant contributions to
volatility basis-set model that explicitly tracks the partition- wood burning POA#:/z 60, 73, 137 and 167, Alfarra et al.,
ing and aging of low-volatility organics indicate that the SOA 2007; Schneider et al., 2006). Except as noted below, the or-
production can be explained by oxidation of low-volatility ganic spectra were generated using the default fragmentation
organic vapors. table (Allan et al., 2004).

In this paper, we focus on the effects of photochemical We carefully considered the assignment of the AMS sig-
aging on the composition of OA emitted from biomass burn-nal atm/z 28 and 18. Due to the difficulty of separating the
ing as measured with an AMS. The specific goals include:organic particle signal (mostly from CQ from the large air
1) quantifying the production of SOA using the spectral de-beam signal (from §) atm/z 28, the default fragmentation
composition method of Sage et al. (2008); 2) characterizingiable in the unit mass resolution AMS data analysis package
the evolution of OA composition; and 3) comparing the re- has traditionally set the organic contributionmafz 28 to
sults from these experiments to AMS data from the literaturezero (Allan et al., 2004). However, recent analysis suggests
(laboratory and ambient). that the OA signal atz/z 28 in ambient samples is equiv-

alent to the signal at:/z 44 (Aiken et al., 2008, and refer-

ences therein). In these experiments, we directly estimated
2 Experimental methods the contribution of OA ton/z 28 using particle-free samples

to establish a baseline signal due t§.l\This estimate is dis-
Experimental details are discussed in a companion papetussed in Sect. 3.2. Another complication is the uncertain
(Grieshop et al., 2009a). Briefly, exhaust from wood fires contribution from organic dehydration fragments,(3t) at
in a small wood stove was injected, via a heated inlet line,m/z 18. In the original AMS fragmentation table (Allan et
into a dark, temperature-controlled 12 eflon-lined envi-  al., 2004), OA ain/z 18 is set equal to the OA signalat/z
ronmental chamber filled with HEPA and activated-carbon44; Aiken et al. (2008) recently proposed reducing the OA
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contribution atn/z 18 to 0.225 times the OA signal at/z biomass combustion (Alfarra et al., 2007; Schneider et al.,
44. Here we have chosen to maintain the original fragmenta2006). We also allowed the POA-tracer to “float” by select-
tion scheme fom/z 18. Since our wood smoke aerosol was ing the fragment which minimizes the value . cerfor each
dominated by carbonaceous material there should be minindividual MS under the constraints that: a) the fragment has
imal particle-bound water under the low relative humidity a signal-to-noise ratio greater than three and contributes at
conditions of these experiments (less than 20%). In addileast 0.5% of the total mass, and b) the fragment'’s contribu-
tion, with the default fragmentation table, the AMS particle- tion varies by less than 10% among the set of AMS scans
bound water signal was always positive, which suggests thaaveraged to define M.

we have not over-apportioned/z 18 to organics. Finally, Key assumptions of the residual decomposition approach
PToF data generally indicates that the particle signal at are that the POA spectrum is constant in time and that the
18 is aligned with, and of similar magnitude to, thawstz POA-tracer fragment is a conserved tracer for the POA (Sage
44. Updating the fragmentation scheme fofz 18 to that et al.,, 2008). This means that POA composition can not
proposed by Aiken et al. (2008) only has minor effects on ourevolve due to heterogeneous processing or changes in gas-
results; it reduces the signalrafz 18 attributed to OA sothe  particle partitioning. For example, if a compound associated
total OA mass decreases by 1 to 7%, which, in turn, slightlywith the POA-tracer fragment is heterogeneously oxidized or
increases the fractional contribution of the other peaks to theevaporates during an experiment then the spectral decompo-

OA spectrum. sition method will underestimate the contribution of POA.
N Alternatively, if a compound that contributes to the POA-
2.1 Spectral decomposition of the AMS data tracer fragment is produced by secondary chemistry then the

) ) spectral decomposition method will overestimate the contri-
The AMS data were used to estimate the SOA production angh,tion of POA. Uncertainties associated with these assump-
mass spectrum using the residual decomposition approacfiyns are discussed below.
(Sage et al., 2008). This approach uses the AMS signal at ajthough the residual method uses an individual AMS
a singlem/z as a tracer for the POA; we subsequently refer ya5s fragment as a tracer for the POA, this fragment likely
to the chosem/z as the POA-tracer. The residual spectrum goes not correspond to a specific compound given the exten-

(MSresidua) is defined as sive and complex fragmentation that occurs inside the AMS.
. Therefore, our approach is distinct from studies that use indi-
MSresidualt) = MStotal(r) — firacel) * MSpoa @ vidual organic compounds or “molecular markers” as mark-

. . . ers or tracers for specific source classes (e.g. Robinson et al.,
where M3ota(t) is the measured OA MS at timeMSpoa is 2006; Schauer et al., 1996). Molecular markers are more

the POA MS determined by averaging the AMS data for 15 i o .
to 25 min before turning on the chamber lights (i.e. before the>04"® specific than the AMS fragments considered here.

initi_ation of photochemistry). T_he I\_/H:};A isscaledbasedan 5> oa Volatility
estimate of the fractional contribution of PO&&cep,
Miacel?) Particle volatillity was measured with a thermodenut_jer (TD)
Srracelt) = ———— (2) system that first heated the aerosol and then stripped the
Miraceif0) evaporated gas-phase components using an activated-carbon
where myacet) and myace(to) are the concentrations of a denuder (An et al., 2007). Gas temperatures in the heated
POA-tracer fragment at timeand at “lights-on” {p), respec-  zone ranged between 50 and®85%the ambient temperature
tively. MSesiquaiprovides an estimate of the composition of centerline residence time in the heated section was approxi-
the SOA. mately 16 s. Measurements were made with the AMS down-
The results from the residual decomposition method pro-stream from the TD system and a bypass line maintained at
vide an estimate of the SOA production in the chamber. We25°C. The AMS was switched between these two lines every

express this production as an OA enhancement ratio (ER): 15 to 30 min.
OA evaporation in the TD is quantified using the mass

ER— Mtotal _ 1 — 1 (3)  fraction remaining (MFR):
mpoa  froa  1— fresidual

Cmo
wheremiota andmpoa are the organic mass in the entire MS MFR = —— 4)

and attributed to the POA MS, angho 4 and fresiquaiare the
fractions of the total organic mass attributed to the POA andwvhere Ctp and Cpypassare the AMS concentrations mea-
residual spectra, respectively. sured downstream of the TD and bypass lines, respectively.
We decomposed the AMS data using different POA-tracerMFRs were calculated for the bulk OA and individual AMS
fragments, includingn/z 60, 73, 137 and 167; source test- mass fragments. Total number loss in the TD system was
ing and factor analysis of ambient data indicate that thesdound to be less than 2% (An et al., 2007) and loss of non-
fragments are strongly associated with POA emissions frontefractory mass measured by the AMS was less than 5% at

bepass
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POA tracer peaks photo-oxidation has doubled the wall-loss corrected OA con-
ﬁfﬁ?g centration in the chamber. Figure 1 plots OA ERs calculated
m/z137  —— BC ratio using different mass fragments associated with wood smoke
m/z167 X  Floating Resid. POA (n/z 60, 73, 137 and 167) (Alfarra et al., 2007; Schnei-
der et al., 2006) and the floating-tracer residual method de-
scribed in Sect. 2.1. The grey areas shown in Fig. 1 indicate
the range of OA ER estimates based on different techniques.
The floating-tracer method predicts that photo-oxidation
doubles or triples the wall-loss-corrected OA mass after
about five hours under typical summertime conditions. This
level of SOA production is comparable to estimates that use
BC as the tracer for POA (Grieshop et al., 2009a). How-
ever, the POA-tracer fragment identified by the floating-
tracer method varied from experiment to experiment. In
the two experiments shown in Figure 1, the floating-tracer
method identifiedn/z 137 and 167 as the tracer fragment
for primary emissions in one experiment (Fig. 1a) ant
60 in a second (Fig. 1b). In other experiments (not shown)
the floating tracer method identified/z 113, 165 and 152
as POA-tracers. In contrast, application of the floating tracer
method to diesel exhaust experiments always identifies
57 as the POA-tracer fragment (Sage et al., 2008). This high-
lights the inherent variability in wood-smoke POA and the
challenges associated with using a single AMS fragment as
a tracer for biomass-burning POA.

Fig. 1. OA enhancement ratios (ER) calculated using different POA The results shown '_n Fig. 1 u_ndersc_ore Some.of the chal-
tracers 2/ 60, 73, 137 and 167 and black carbon — BC). The data/€Nges and uncertainties associated with the residual decom-

in PanelA) are from an experiment with smoldering oak emissions POsition method. For example, different POA-tracers can
(experiment #3); the data in Par(@) are from a smoldering yel-  provide very different estimates of the OA ER or SOA pro-
low pine emissions (experiment #5). Additional experimental de-duction. Some of this variability is caused by problems
tails can be found in Tables 1 and 2 of the companion manuscripwith the assumptions underlying the residual decomposition
(Grieshop et al., 2009a) Gray areas indicate the range of OA ERnethod. For example, in every experiment at least one of
estimates. the AMS mass fragments commonly associated with wood
smoke POA yielded an outlier estimate for the SOA produc-
ambient temperatures. TD loss corrections are addressed iion. For example, using eithet/z 60 or 73 as the POA-
detail in other analyses (Grieshop, 2009b) but had relativelytracer greatly underestimated the SOA production in the ex-
little effect on our results. No corrections were made for periment shown in Fig. 1a. In this experiment (and two oth-
these losses. ers, see Fig. 5b for/z 60 data) the relative contributions of
m/z 60 and 73 were very low and did not change with ag-
ing. The likely explanation is secondary production of com-
3 Results pounds that contribute to the AMS signal at these mass frag-
ments. Secondary production contributing to the signal at
3.1 SOA production estimates via spectral decomposi- the POA-tracer fragment violates one of the assumptions un-
tion derlying the residual decomposition technique. This hypoth-
esis is supported by smog-chamber experiments with tradi-
Photo-oxidation of the diluted wood smoke inside the cham-tional SOA precursors that produce modest amounts of or-
ber created substantial new SOA mass (Grieshop et alganic mass atz/z 60 (between 0.3 and 0.6% of the total
2009a). Figure 1 compares estimates of SOA productiorsignal) (Bahreini et al., 2005; Ulbrich and Jimenez, 2008).
derived using the residual decomposition method to re-In addition, ambient OOA spectra in the absence of strong
sults based on using black carbon (BC) as the tracer fobiomass-burning influence haved.2—0.3% of the signal at
POA. The BC-based approach is discussed in the companu/z 60 (Ulbrich et al., 2008; Zhang et al., 2005a). This
ion manuscript (Grieshop et al., 2009a). The results are prehighlights the challenge of associating individual AMS mass
sented in terms of an OA enhancement ratio (ER), whichfragments with emissions from a particular source.
quantifies SOA production relative to the initial POA con-  Another challenge was defining the M& because, in
centration. For example, an OA ER of two indicates thatsome experiments, the AMS OA MS evolved before the UV

tttt

OAER

OAER

0 1 2 3 4 5 6
Elapsed time from lights on (hours)
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A L ! ! ! ! Finally, in the experiment shown in Fig. 1b, the OA ER
ad T mz 28 | T Ageasnoms| | estimated using:/z 137 as the POA-tracer is substantially
Agett: 19.5% 1_POA higher than the other estimates. This means that the rela-

- tive contribution atn/z 137 decreased more quickly than
the other peaks, potentially due to heterogeneous oxidation
and/or preferential evaporation. Note that the floating-tracer
method did not seleet /z 137 in this experiment because of
the signal-to-noise ratio cut-off. The TD data discussed be-
L low support the aging hypothesis because 137 was found

20 20 60 80 100 to be a fragment associated with the least-volatile material in
these experiments.

% Contribution to Organic Spectra
S
1

330_ e ! ! ! [ The results in Fig. 1 and the preceding discussion indi-

s LR .3 i cate that the assumptions behind the residual decomposi-

o \'\-. - 57O e 16700 i tion technique are not strictly valid. This is not surprising
e ey WS given the extensive fragmentation that occurs inside of the

AMS. While multiple POA-tracer fragments do provide esti-
mates of SOA production that are consistent with estimates
based on independent techniques (such using BC as a tracer
for POA) in each experiment, the same POA-tracers did not
work for every experiment. Therefore, the residual technique
can provide reasonable estimate of SOA formation, but one
must consider multiple POA-tracer peaks and compare SOA
estimates based on different analysis techniques. Finally, het-
erogeneous oxidation and evolving source profiles not only
present challenges to the residual decomposition approach,
Elapsed time from lights on (hours) but also to molecular marker based source apportionment
methods (Subramanian et al., 2006; Weitkamp et al., 2008b).
Fig. 2. (A) Mass spectra of fresh and aged wood smoke (B). The patrticle size distributions measured by the AMS pro-

Ig”;eaf’:'&%ﬁcc:;ok;yof‘xﬁn g:;‘sosr :::g?\?vgﬁ/ : rg(())ll(g::’m ?53;0‘229 ngYide another indication of the substantial production of SOA
m/z 44 and 43 are indicators of oxidation and aging. Fractionaldurlng photo-oxidation. Figure 3 shows size distributions

contributions are shown relative to the OA mass neglecting the con]cor selected AMS fragments assomat_ed with primany’{
tribution fromm /z 28 to facilitate comparison with published AMs 60 andm/z 39) and secondary materiah(z 44 andm/z
data. Including the additional massitz 28 would decrease these 46)- The fragment ah/z 44 (CQ) is associated with oxy-
values by 15-25%. The signals far/z 57, 60, 73, 137 and 167 genated organics (Zhang et al., 2005a; Zhang et al., 2005b),
have been scaled by the factors listed in the legend of panel B. Datwhile m/z 60 is a marker for wood-smoke POA (Alfarra et
are from Experiment 5 (smoldering experiment with Yellow Pine) al., 2007; Schneider et al., 2006). Both potassium and or-
listed in Table 1 and 2 of the companion manuscript (Grieshop etganics contribute to the AMS signal at/z 39. Nitrate and
al., 2009a). organics contribute to the AMS signalzat/z 46. Figure 3a
shows that in our fresh wood-smoke all of these fragments
. . have a modal vacuum aerodynamic diameiky, ) of about
I|_ghts were_turr_1ed on. For example, Fig. 2b shows the fraC'180 nm. Figure 3b indicates that aging increased the mode
tional contribution o#n/z 60 andm /z 73 decreased over the of the particle size distribution to about 250 nm and increased

approximately hour-long period before the lights were turned_the relative contribution of secondary fragments'¢ 44 and

on. We attribute this decrease to evaporation or decomp03|46); clear evidence of particle growth driven by condensa-

tion of the compognd(s) t_hat cont_ribute to these fragmentstion of secondary species. All of the mass fragments have
before (and potentially while) the lights were turned on (Seeessentially the same size distribution in both the fresh and

discussion in Sect. 3.2). This would violate the assumptlonaged aerosol, which suggests that the particles are internally

of a constant POA spectrum. However, the ER estimate:?.mxed_ The lone exception to this is the PToF date At 44

werﬁz nOtI.hiﬁhl},/ ser_ws(ijtive to whicg _PO;? s:\a/lesct(;a from dif_fe_r- which shows a slight bias towards larger sizes (longer times)
ent ‘pre-lights” periods was used in the ecomposition;, yyih the fresh and aged size distributions. This is likely

m?th?d' (Ij:or ?xa;nf?le' in Experimentf5 (Fig. 1b) E2R Vf?luesdue to the longer vaporization time of more oxidized mate-
calculated using difierent M%A range from 2.810 3.2 a € " Yial on the AMS heater and not difference in mixing state.

6 h of aging, which is within the shaded bands demarcating
the range of ER estimates from different techniques.

T T
~- 60x2 - 44
- 73x10 -® O:C

137x10

% Contribution to Organic Spectra

oney D:0 arewixoiddy
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Fig. 3. Size distribution of select AMS fragments @) fresh and Elapsed since lights on (hr)

(B) aged Yellow Pine wood emissions (Experiment 4). Additional

experimental details are listed in Tables 1 and 2 of the companiorkig 4. Evidence for the substantial contribution of OA to the AMS
manuscript (Grieshop et al., 2009a). signal atm/z 28. (A) Size distributions of key mass fragments.
Time series ofB) m/z 28 ion rate andC) ratio of estimated parti-
cle contribution atn/z 28 to that ain/z 44. The hatched areain (B)
3.2 Evolution of OA chemical composition indicates the AMS signal apportioned to gas-phage te filled
area indicates the signal apportioned to particle-phase OATJCO
The AMS data provide insight into the evolution of the Data are from a high-mass concentration flaming Yellow Pine ex-
chemical nature of the OA. The AMS does not provide periment (Experiment 4) (Grieshop et al., 2009a).
molecular-level information, but characterizes the evolution
of the chemical functionality of the OA. Figure 2a compares
OA MS from a smoldering Yellow Pine fire measured before stantial OA signal atn/z 28 is shown in Fig. 4. Figure 4a
and after aging. The spectrum of the fresh POA is qualita-shows size distributions of selected/z measured in PToF
tively similar to published wood-burning spectra (Alfarra et mode. The signal at/z 28 is large at small diameters due
al., 2007; Schneider et al., 2006) with dominant peaks/at  to gas-phase lz‘il but there is also a clear particle-phase sig-
15, 18, 27, 29, 41 and 43. After 5 h of aging, the relative con-nal peaking at approximately 150 nm that is aligned with the
tributions from peaks associated with oxygenated OA, suchotherm /z from wood-smoke POA, including 44, 60, 73 and
asm/z 29 (CHO"), 43 (GH30™, also QH;“) and 44 (CQ) 137. Additional evidence of the contribution of particle mass
have grown significantly. There is also substantial particleto the AMS signal atn/z 28 in these experiments is shown
signal atm/z 46 in the aged spectra, evidence of the produc-in Fig. 4b, which plots a time series of the raw ion signal
tion of nitrate (presumably organic nitrate due to the lack ofatm /z 28. The dashed line and lower hatched area indicate
ammonium in the chamber) during the photo-oxidation. the baseline signal from gas-phasgédérived from measure-

A noteworthy difference between the spectra shown inments made on HEPA-filtered chamber air at the beginning
Fig. 2a and previously published AMS results is thatz and end of the experiment. The dashed line is a linear in-
28 is the largest contributor to the OA mass spectrum. Thigerpolation between these measurements. The basefine
was observed in every experiment. Evidence for the sub28 signal shows the expected decay due to degradation of the

Atmos. Chem. Phys., 9, 222724Q 2009 www.atmos-chem-phys.net/9/2227/2009/
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m/z 28 (mostly CO’) equal to that atn/z 44. Our results
A suggest that this may be too small for fresh wood smoke sam-
ples. Althoughm /z 28 appears to be an important contribu-
tor to the OA MS in these experiments, we neglect its con-
tribution in plots of fragment contributions (Figs. 2b, 5 and
7) in order to facilitate direct comparisons of our data with
- B published AMS data that are based on the Allan et al. (2004)
fragmentation table.

Figure 2b shows a time series of the fractional contribution
of select AMS mass fragments to the total OA MS from a

-
[<}]
]
1

-
[\V]
|
I

% OA at m/z 44 (CO,")
¢}
1
|

2_ ! ! ! ! ! ! — typical experiment. First we discuss fragments associated
- Expt. 1 Bl with wood smoke POAm/z 60, 73, 137 and 167 (Alfarra
o 3- — Expt.2 | et al., 2007; Schneider et al., 2006), andz 57 (CGH{, but
g 1 — Expt- 3 | also GHsO™) which is commonly associated with reduced
E - —_ E;g:;g B organics emitted from fossil-fuel combustion sources (Zhang
: —— High NOy et al.,, 2007). After the lights were turned on, the relative
o i contribution of all of these POA-associated peaks decreased,
R [~ Typical especially during the first 2 h of aging. This decrease is due
- _00A to the production of substantial amounts of SOA.
= Typical As discussed above, Fig. 2b also indicates that the frac-
-1 0 1 2 3 4 5 6 HOA tional contribution of some of the primary fragmenis/¢
Elapsed time from lights on (hour) 57, 60 and 73) also decreased before the UV lights were

turned on. We attribute this decrease to evolving gas-patrticle
Fig. 5. Time series of fractional contributions from/z 44 and 60  partitioning associated with the initial dilution that occurred
to total OA mass measured in each experiment. Fractional contriwhen the exhaust was injected into the chamber. In-chamber
butions are shown relative to the OA mass neglecting the contri-gjjution experiments have shown that equilibration after dilu-
bution fromsm/z 28 to facilitate comparison with published AMS o can occur on time scales on the order of hours. (Grieshop
data. Arrows in(B) show contribution atn/z 60 in typical OOA _et al., 2007, 2009b). There was also a slight decrease (ap-
0&oximately 15%) in the OA-to-BC ratio during this initial
(pre-lights) mixing period, supporting the hypothesis of slow
evaporation of POA. Finally, as discussed below, the TD

o . . measurements indicate tha/z 57, 60 and 73 are some of
AMS electron multiplier during the experiment (Allan etal., {ha most volatile fragments in the AMS spectra. Alterna-

2003). Figure 4b shows that there was a substantial increasg ey condensed-phase chemistry could also have caused the
in them/z 28 signal above this baseline when wood smoke . cantrations of species that contribute to the AMS signal
was injected into the chamber. atm/z 57, 60 and 73 to decrease before the UV lights were
We estimated the particle-phase contributiormat; 28 turned on.
as the signal above the baseline air-beam signal shown in Figure 2b also plots time series of AMS mass fragments
Fig. 4b and using the PToF gas- and particle-phase data (se&sociated with OOA components, suchwgg 44 and 43.
Zhang et al., 2005a for description of method). These twoThe fractional contributions at/z 44 and 43 to total OA
estimates were generally withit25% of each other. Fig- mass have been used as an indicator of OOA and OOA-Il, re-
ure 4c plots the time series of the ratio of the organic masspectively, in ambient data sets (Ulbrich et al., 2008; Zhang
atm/z 28 to that atm/z 44. In this experimentn/z 28 ini- et al., 2005a; Zhang et al., 2007). The relative contribution
tlaIIy contributes 8 times more OA thM/Z 44. Across the of m/z 44 (Cq) increased throughout the agihg phase of
entire set of experiments; /z 28 contributed 10 to 25% of every experiment, mirroring the production of SOA. This
the fresh wood-smoke POA, a factor of 4 to 10 higher thanmeans that SOA formed during photo-oxidation was more
the organic contribution at/z 44. Figure 4c indicates that oxygenated than the fresh POA. In this experiment, the frac-
this ratio decreased rapidly to around two after about half anjonal contribution atm/z 43 increased from 4 to 6 % of
hour of photochemical aging. the OA mass within the first 2 h of aging, after which it re-
Previous studies have shown that the organic signajat  mained constantm/z 43 is associated with both hydrocar-
28 can be comparable or larger than thatdt 44 for am-  bon/primary (QH;r ) and oxygenated/secondary fdz0™)
bient organics (Aiken et al., 2008; Takegawa et al., 2007;components of the aerosol. The relative contributiom At
Zhang et al., 2005a). Aiken et al. (2008) have proposed tha8 also increased with aging, but less than that at44. As
the organic fragmentation table used in the AMS software fora result, the approximate ratio @f/z 28 and 44 was reduced
ambient studies be updated to set the organic contribution arom 4 to 2 during aging.

manuscript (Grieshop et al., 2009a) for experimental details.
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100 qo— L L L L L L L L L~ tion than those from smoldering combustion (Weimer et al.,
(A) FRESH

(B) AGED

2008).

Figure 6 plots TD measurements of fresh and aged OA
MFR as a function of thermodenuder temperature. The re-
sults are averages across all of the experiments. Although
L Fig. 6 is based on average data, the trends discussed were

observed in every experiment. The volatility of the bulk OA
e - is discussed in detail in the companion paper (Grieshop et al.,
e oo Total 2009a). Figure 6 indicates that, on average, about 60% of the

' ' ' ' ' fresh POA evaporated at 30 and that aging decreased the

30 40 50 60 70 30 40 50 60 70 .
TD Temperature (°C) TD Temperature (°C) VO|atI|Ity of the OA.

The MFR data for individual mass fragments plotted in
Fig. 6. Average thermograms of thermodenuder MFR dat44)r  Fig. 6 indicate that POA is comprised of material with a
fresh andB) aged wood smoke OA. The dash lines indicate averageyide range of volatility. Compounds that contribute to the
of MFR of the entire OA. The colore_d symbo!s indicate dat_a for Ams signal atm/z 60, 73 and 57 were among the most-
selected AMS mass fragments. The lines are intended to guide thg | ~iije components of POA, while species contributing to
eye. m/z 137 were among the least-volatile. The AMS signal

at m/z 60 and 73 has been associated with levoglucosan

High molecular weight mass fragments contribute a sub-(Alfarra et al., 2007; Schneider et al., 2006), which can be
stantial fraction of the wood smoke POA. Figure 2b showsa major component of biomass burning POA (Reid et al.,
that approximately 25% of the initial OA mass is found at 2005). However, levoglucosan has an effective equilibrium
mass fragments with /7 larger than 100; after 5.5h of aging saturation concentration (C*) of order Quym—3 at ambi-
the contribution of these fragments drops to 11%. Thereforegnt temperatures (Milosavljevic et al., 1996), which means
the SOA is composed of smaller molecules and/or specieshat it should start to evaporate at temperatures aroun@ 60
less resistant to fragmentation in the AMS. High molecular— significantly higher than the observed evaporation temper-
weight fragments contribute an even smaller fractie3%b) ature of species contributing ionsayz 60 and 73. There-
of ambient OOA spectra (Zhang et al., 2005a). fore, levoglucosan may not be the dominant contributor to the

To illustrate the experiment-to-experiment variability in AMS signal atn/z 60 and 73 in these experiments. Interest-
the AMS data, Fig. 5 plots the time series for the fractionalingly, aging increased the temperature required to evaporate
contribution for two important mass fragments/z 44 and  the same amount of the material commonly associated with
60, measured in all of the experiments, which spanned @OA. However, the relative volatility of the different frag-
range of burning conditions and fuel types (Grieshop et al. ments in the aged aerosol (Fig. 6b) is similar to that in fresh
2009a). Figure 5a shows that the contribution frany 44 OA (Fig. 6a), but shifted to roughly align with the behavior
increased during photo-oxidation in every experiment. Forof the bulk OA. Therefore, even after aging, material associ-
the oak experiments, the initial contributiormatz 44 ranged  ated withm/z 60, 73 and 57 was substantially more volatile
from 4 to 8% (3.5 to 5.5% if the contribution/z 28 is in-  than the bulk OA. The cause for this apparent shift in volatil-
cluded in the OA mass) and was enhanced by a factor of 1.6y is not known. This shift could indicate an actual change
to 2 with aging. Pine experiments had initia)z 44 contri-  in volatility due to secondary production of less volatile com-
butions of 1.5 to 3.9% (1.2 to 3% if the particle contribution pounds that contribute to the AMS signalatz 60, 73 and
atm/z 28 is accounted for) which were enhanced by a fac-57 or the shift may due to differences in the evaporation rates
tor of 2.2 to 5.6 with aging. Therefore, in every experiment, of fresh and aged aerosol inside the thermodenuder. For ex-
photo-oxidation created more oxygenated OA. ample, larger particles evaporate more slowly than smaller

Figure 5b indicates that the fractional contributiomat; particles and SOA production significantly increases the par-

60 varied widely from experiment to experiment. In some ticle size.
experimentsn/z 60 contributed 1 to 4% of the POA mass,  Figure 6 shows that material contributing to the AMS sig-
comparable to the 0.5 to 4% range reported for fresh biomasaal atm /z 44 is always less volatile than the bulk OA, indi-
burning emissions (Schneider et al., 2006). However, in othecating that the more oxidized components of OA have lower
experimentsy /z 60 contributed minimally to the POA (less volatilities. For example, partial evaporation in the TD in-
than 0.5%), and the fractional contribution at this fragmentcreases the fractional contribution mf/z 44. This is illus-
did not change with aging, consistent with some secondaryrated in Fig. 7, which presents time series of the fractional
production. Ifm/z 60 is used as the POA-tracer in these ex- contribution atm/z 44 and thermodenuder data measured
periments the residual decomposition method predicts veryduring an experiment conducted with emissions from smol-
little SOA production (e.g. Fig. 1a). The contributionsofz dering Yellow Pine. This has been previously shown in both
44 and 60 to our POA spectra are more consistent with previtaboratory and field studies (Grieshop et al., 2007; Huffman
ously published spectra for emissions from flaming combus-et al., 2009).

m/z 44
m/z 57
—— m/z 60
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the OA mass neglecting the contribution framyz 28 to facilitate 2
comparison with other AMS data.

m/z

Fig. 8. Comparison of AMS spectra offA) fresh wood smoke
) o ) o OA, (C) residual of aged wood smoke OA; affd) the OOA fac-
Figure 7 indicates that the fractional contributionmfz  or extracted from Pittsburgh ambient measurements (Zhang et al.,

44 is not a perfect indicator of the overall OA voIatiIity in 2005a). Pane(B) shows the difference spectrum between fresh
these experiments. For example, aging caused the fractionalood smoke (panel A) and residual of wood smoke (panel C). Panel
contribution ofm/z 44 to monotonically increase through- (D) shows the difference spectrum between the residual spectrum
out every experiment, but the OA MFR measured &®0 (panel C) and Pittsburgh OOA (panel E). Contributions:dt 28
shows a step change in volatility (see also Fig. 5 in the comin the laboratory spectra have_ been_zer(_)ed and the spectra renor-
panion manuscript, Grieshop et al., 2009a). This requireé“al'zed to allow direct comparison with Pittsburgh OOA. The inset

that the volatility of the SOA evolved over the course of the scatter plots show linear regressions of t.he wood-smoke residual
experiment. Sgecifically it implies that the SOA that was versus wood-smoke POA (panel A) and Pittsburgh OOA (Panel E),

respectively. The contributions at/z 16, 17, 18 and 28 are not

created during the first hour of the experiment was SOME4cluded in the regression. Data are from experiment 5 listed in Ta-

what less volatile and less oxygenated than that formed latef|eg 1 and 2 of the companion manuscript (Grieshop et al., 2009a).
in the experiment. This can occur because volatility de-
pends on molecular weight, functionality, and extent of oxy-
genation. For example, the initial burst of SOA formation

could be associated with oxidation of relatively non-polar ) . :
semivolatile vapors that create very low-volatility but not ?rfter IF’“LQOF“F 08f ag%n%vd(etrr:veg gi:mg/ N ?? ra:\S(;h:aideO/?r m
very oxygenated products. Later in the experiment second- acer, a g. o€ shows the spectrum derived 1ro

and third-generation precursors may become more imporghe ambient data collected during the Pittsburgh Air Quality

tant. These later-generation precursors may have Iowe§tudy (Ulbrich and Jimenez, 2008; Zhang etal., 2005a). Fig-

molecular weights than the first-generation precursors due eires 8b and d show difference spectra. For the wood-smoke

ther to fragmentation or multigenerational processing of ini—gépe;'(g]slm ihow;g '?1 '\:/\I/g.r&vtvri]tiigAfR r?r??rg?t?d:%lg inty-
tially more volatile precursors. In this situation, the SOA a ack carbon were experimental uncertainty;

formed from later-generation precursors could be highly-therefore’ the residual spectrum (Fig. 8c) derived usirig

oxygenated, but not necessarily less volatile than the firsf30 is the appr0X|mate AMS 3|gnature of the_SOA that was
generation SOA. photochemically produced during the experiment (Sage et

al., 2008).

3.3 Intercomparison of AMS spectra The difference spectrum plotted in Fig. 8b indicates that
the fresh wood-smoke POA is quite distinct from the aged
Figure 8 compares AMS organic spectra from a pine-fire ag+esidual; for example, fresh wood-smoke POA has a much
ing experiment to an OOA spectrum derived from the ambi-larger contribution at higher-mass peaks than the residual
ent data. Fig. 8a is an average of the fresh (un-aged) woodspectrum. Oxygenated peaks suchnas 44 are also much
smoke POA measured before the chamber lights were turnethore significant in the residual than in the POA spectrum. In

on; Fig. 8c plots the residual spectrum from this experiment
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R SLOPE INTERCEPT and Pittsburgh OOA (slope=1.01, intercept=0.860.93);

(A) Ambient BBOA therefore photo-oxidation of biomass smoke generates SOA
N P e P e e spectrally similar to the OOA observed in the atmosphere.
084527 g Ao Residual spectra from aging experiments were remarkabl
Oﬁ_f 0.6— 0.8 - —— ARCTAS-1 4 P ging g p 1 ! Yy
04 0:4__/A/”f 04 uniform across fuel types, burning conditions and aging con-
0.2 0.2 ] ditions (including the high-NQ experiment, see (Griesho
0.0 0.0 00 b P
' UL L (B)'Pi;tsl')ur'gh'F;ers UL et aI.,.2009a) for experimental details). Inter-experil"r_]ent re-
1.0 10 109 —oon gressions of residual spectra extracted after 3 h of aging from
08 08 %] all six experiments yield mean and medigfvalues of 0.94.
0.4 8:2 0.4 To illustrate how the wood-smoke OA evolves with aging,
0.2 0.2 8:3:—“% Fig. 9 compares AMS data from one experiment to eight dif-
00T 00 (;:) "Lab Diesel L, ferent reference spectra with each trace indicatingRRe
1.0 10 1097 — shr total spectrum slope or intercept of a linear regression of our total OA spec-
g-g 08 8;2: — pon tra versus one of the reference spectra. Since we measured
04 8:2 0.4 - an AMS spectrum every 5 min, the results are presented us-
0.2 0.2 o e ing time series to show the evolving linear correlation of our
0.0 (') ' ; ' :1 1 0.0 (') ' ; ' "1 ' (') ' ; ' "1 ' data versus one of the reference spectra. The contributions

atm/z 16, 17, 18 and 28 were excluded from this analysis.
Although Figure 9 presents data from a single experiment,
Fig. 9. Comparison of the AMS total OA mass spectra from wood the rends d_iscussed be'OW_ _are consistent a_cross our entire
smoke aging experiments with reference spectra from other Ialbo;Set of expe_rlments. In "f‘dd't'on' _the conclusions hold even
ratory and field studies. Each row shows time series of eifer if one considers regressions of different subsets of the AMS
slope or intercept values of linear regressions of the time-evolvingdata, for examplen/z larger than 44 (an approach used to
wood-smoke spectra versus a set of fixed reference spectra. The firstitigate the influence in th&? calculation of the high con-
row shows comparisons with BBOA spectra measured in or derivedributions from smaller masses in AMS spectra).

from ambient studies. The second row shows comparisons witham- Figure 9a compares our spectra to ambient AMS data
bient HOA and OOA spectra derived from ambient measurementghought to be strongly influenced by biomass burning. We
made in Pittsburgh. The third row shows comparisons with spectra,qnsider two biomass-burning OA (BBOA) factors derived
from diesel aging experiments (Sage et al., 2008). The first columrh.om ambient measurements made in Mexico City during the

S.hOWS time series o vqlue, the second cqlumn shows t.'mes € MILAGRO campaign (Aiken et al., 2008; DeCarlo et al.,
ries of slopes, and the third column shows time series of intercepts

Ambient spectra provided by J. L. Jimenez. Chamber data are fron‘?oog)' One of the Mexico City BBOA factors is b"?‘sed on.
Experiment 5 listed in Tables 1 and 2 of the companion manuscriptground measurements mad_e during the e_arly morning and is
(Grieshop et al., 20094a). therefore thought to be dominated by relatively fresh primary

emissions (Aiken et al., 2008). The other Mexico City BBOA
factor was derived from measurements made aloft from a C-

) ) o 130 aircraft during the late morning and afternoon (DeCatrlo
comparison, the difference spectrum shown in Fig. 8d indi-g¢ 51 2008): this BBOA factor is thus likely aged in a simi-

cates that this residual spectrum is quite similar to Pittsburgh,, way to the aerosol in our chamber experiments. We also
OOA. consider a total OA spectra measured in a biomass-burning
Linear regression of relative spectral intensities can beplume from Siberian forest fires at 5.5 km of altitude over
used to quantitatively compare AMS spectra (Alfarra et al., Alaska from the NASA DC-8 aircraft during the ARCTAS-1
2006; Schneider et al., 2006). The approach is illustrated byfield campaign (all spectra from J. L. Jimenez, pers. comm.,
the scatter plots shown as insets in Fig. 8aand .16, 17  2008). The ARCTAS data are thought to be even more aged
and 18 were not included in the linear regressions becausthan either of the MILAGRO factors.
they all depend via uncertain fragmentation schemes an Of all of the reference spectra considered here, Fig. 9
44. The contribution at:/z 28 has also been excluded be- indicates that our fresh POA data are most correlated with
cause it has traditionally been neglected in the AMS frag-Mexico City BBOA factor derived from the early morn-
mentation scheme. Linear regression of the fresh wooding ground-based measuremeng+£0.81; slope=0.92; in-
smoke POA spectrum versus the residual spectrum plottetercept=0.08). Emissions from biomass burning are highly
as an inset in Fig. 8a yields slope, intercept @fdvalues  variable and this level of correlation is comparable to that
of 0.42, 0.19 and 0.64, respectively. This underscores thabbserved amongst different fresh wood-smoke POA spec-
wood-smoke POA and SOA produced by photo oxidizationtra measured during different source tests. For example,
have distinct spectral signatures in the AMS. As expectedR? values among the POA spectra measured during our ex-
based on the difference spectra shown in Figure 8d, a verperiments ranged between 0.5 to 0.95, which is compara-
strong correlation is observed between the residual spectrhle to correlations of our POA spectra with other published

Elapsed time from lights on (hours)
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biomass-burning data (Bahreini et al., 2005; Schneider et al.smoke creates OA that becomes progressively more simi-
2006; Ulbrich and Jimenez, 2008; Weimer et al., 2008). lar to the aged diesel emissions. For example, after two

Figure 9 indicates that our fresh POA emissions are nothours of aging, the wood-smoke OA spectra are strongly
well correlated with the two aged BBOA spectra measuredcorrelated with both the aged diesel OA reference spec-
aloft, but that photo-oxidation causes our AMS data to be-trum (R2=0.89, slope=0.93, intercept=0.02) and the aged
come progressively more correlated to the two aged BBOAdiesel residual reference spectrurR?£0.88, slope=0.63,
factors (MILAGRO airborne and ARCTAS-1). After five intercept=0.14). Therefore, photo-oxidizing diluted emis-
hours of aging our AMS data are in excellent agreement withsions from these very different sources create OA with sim-
both these factors; for example a linear regression of our datdar chemical profiles as measured by a unit-mass-resolution
with MILAGRO aloft factor yields anR?=0.90, slope=0.95 AMS. This occurs even though fresh diesel and wood-smoke
and intercept=0.05. However, aging causes our AMS datamissions are chemically distinct — diesel emissions are dom-
to become progressively less correlated with the MILAGRO inated by saturated species (e.g. straight-chain and cyclic
ground-based BBOA factor, consistent with the conclusionalkanes and aromatic species) (Schauer et al., 1999) while
that the early morning ground measurements made duringvood smoke is composed of more oxygenated species (e.g.
MILAGRO were strongly influenced by fresh biomass burn- sugars, resin acids and phenols) (Schauer et al., 2001). The
ing emissions. This highlights the dynamic character of thecombustion conditions inside of a diesel engine are also very
chemical composition of biomass-burning emissions and thatlifferent from a wood stove. The similarity of the aged
the photochemical age of air masses should be consideredood-smoke and aged diesel spectra underscores the signifi-
when interpreting results from factor analysis of ambient datacant role of atmospheric processing in altering and homoge-
sets. nizing the composition of atmospheric OA.

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)4 Discussion and conclusions
Our wood-smoke spectra (fresh or aged) are poorly corre-
lated with the HOA factor. This is not surprising since the This paper and its companion (Grieshop et al., 2009a)
HOA factor is associated with fresh emissions from inter- demonstrate that photo-oxidation of diluted wood-
nal combustion sources such as motor vehicles. Our freslkombustion emissions in a smog chamber rapidly produces
wood-smoke spectra are also not that similar to the ambiensubstantial SOA with a chemical character quite distinct
OOA factor. This indicates that OOA and wood-smoke POA from the primary emissions. After several hours of aging
can be distinguished by factor-analysis techniques. How-under summertime conditions, the unit mass resolution AMS
ever, aging causes the wood-smoke spectrum to become irspectrum of this SOA is very similar to spectra of OOA that
creasingly correlated with the reference OOA spectrum. Af-dominates ambient OA levels in many locations (DeCarlo
ter about one hour of aging, the aged wood-smoke spectrat al., 2008; Zhang et al., 2005a). However, emissions
has become well-correlated with Pittsburgh OOA spectrumfrom a wood fire in a stove are not representative of all
(R?=0.89, slope=0.59, intercept=0.13). The small slope in-biomass-burning emissions. Our experimental conditions
dicates that our total wood-smoke OA is less oxidized thanfall within the wide range conditions reported by field
the Pittsburgh OOA. This is not surprising since our total studies (Grieshop et al., 2009a), but variability is the rule
spectrum contains significant primary and secondary comin measurements of biomass-burning emissions. In fact,
ponents. As shown in the inset panel in Fig. 8e, much bettethere is greater variability across the set of published data on
agreement is observed if one compares our residual spectrulsiomass-burning plumes than there was in our experiments.
with the Pittsburgh OOA. The residual spectrum is our bestFor example, some studies report substantial enhancement
estimate of the spectral signature of the SOA produced duref OA concentrations in aged plumes similar to what we
ing the experiments. observed (Lee et al., 2008) while others have only observed

Figure 9c compares our wood-smoke data to referenc@xidation without production of new OA mass (Capes et al.,
spectra measured during similar experiments conducted witl2008; Hoffer et al., 2006). Further work is clearly needed to
diesel-engine emissions (Sage et al., 2008; Weitkamp et alRetter constrain the processes impacting the evolution of this
2007). We consider three reference spectra from the diesaliverse and important class of emissions.
experiments: fresh primary emissions (diesel POA); the total We have now demonstrated that photo-oxidation of emis-
OA spectrum after 5h of photo-oxidation; and the residualsions from combustion of fossil fuels (Robinson, 2007; Sage
spectra after 5h of photo-oxidation. As expected, there iset al., 2008) and modern fuels (this work) produce substan-
little correlation between the fresh diesel POA and any oftial amounts of oxygenated OA with a unit-resolution AMS
the AMS data from the wood smoke experiments. There-spectrum closely resembling ambient OOA factors. The sim-
fore we conclude that fresh primary diesel emissions andlarity between the aged diesel exhaust and aged wood smoke
wood smoke have distinct AMS signatures, consistent withspectra may be due in part to the AMS tracking the chang-
conclusions of previous studies. However, aging of wooding chemical functionality of the emissions. However, given
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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 differ-
ent sources producing chemically similar material and not
simply an artifact of the fragmentation that occurs inside the
AMS. More detailed composition data than that provided by
a unit-mass-resolution AMS are required to evaluate this hy
pothesis.

The results of this study also illustrate some of the
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more source-specific, molecular-level information. How-
ever, photo-oxidation alters the molecular marker fingerprint

K. N., Jayne, J. T., Coe, H., and Worsnop, D. R.: Quantitative
sampling using an Aerodyne aerosol mass spectrometer: 1. Tech-
nigues of data interpretation and error analysis, J. Geophys. Res.-
Atmos., 108, D34090, doi:10.1029/2002JD002358, 2003.

dAn, W. J., Pathak, R. K., Lee, B., and Pandis, S. N.: Aerosol volatil-

ity measurement using an improved thermodenuder: Applica-
tion to secondary organic aerosol, J. Aerosol. Sci., 38, 305-314,
2007.

of the gas- and condensed-phase emissions (Weitkamp @fahreini, R., Keywood, M. D., Ng, N. L., Varutbangkul, V., Gao, S.,

al., 2008a; Weitkamp et al., 2008b); therefore, apportioning
OOA will require understanding the evolution of the molec-
ular composition of the emissions through multiple genera-
tions of chemistry.
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