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Abstract. Experiments were conducted to investigate the ef-1  Introduction

fects of photo-oxidation on organic aerosol (OA) emissions

from flaming and smoldering hard- and soft-wood fires un- Combustion of biomass is a major source of gas- and
der plume-like conditions. This was done by exposing theparticle-phase air pollution on urban (Robinson et al., 2006;
dilute emissions from a small wood stove to UV light in a Schauer and Cass, 2000), regional (Wotawa and Trainer,
smog chamber and measuring the gas- and particle-phasé)00) and global (Lelieveld et al., 2001) scales. Biomass-
pollutant concentrations with a suite of instruments includ- burning is estimated to contribute approximately one-third
ing a Proton Transfer Reaction Mass Spectrometer (PTROf total fine particle mass in the US (Watson, 2002) and
MS), an Aerosol Mass Spectrometer (AMS) and a thermod-90% of the global emissions of primary particulate organic
enuder. The measurements highlight how atmospheric procarbon (OC) from combustion sources (Bond et al., 2004).
cessing can lead to considerable evolution of the mass ankight-absorbing carbonaceous aerosols emitted by large-
volatility of biomass-burning OA. Photochemical oxidation Scale biomass fires in South America, Asia and Africa are
produced substantial new OA, increasing concentrations byhought to have continental- and global-scale climate impacts
a factor of 1.5 to 2.8 after several hours of exposure to typi-(Andreae et al., 2004; Ramanathan et al., 2007).

cal summertime hydroxyl radical (OH) concentrations. Less Biomass burning encompasses a range of sources includ-
than 20% of this new OA could be explained using a statedNg space heating, cooking, wildfires and prescribed burns.
of-the-art secondary organic aerosol model and the measurethe emissions from all of these sources are highly vari-
decay of traditional SOA precursors. The thermodenude@ble, with fuel type, moisture content and combustion condi-
data indicate that the primary OA is semivolatile; af60 tions all having large influences on the chemical and physical
between 50 and 80% of the fresh primary OA evaporated properties of the gas- and condensed-phase emissions (Reid
Aging reduced the volatility of the OA; at 5C only 20 to €t al., 2005).

40% of aged OA evaporated. The predictions of a volatil- Biomass burning emits a complex mixture of organics
ity basis-set model that explicitly tracks the partitioning and that span a wide range of volatility. Some of these organ-
aging of low-volatility organics was compared to the cham- ics have very low vapor pressures and thus partition directly
ber data. The OA production can be explained by the oxidainto the particle phase, creating primary organic aerosol
tion of low-volatility organic vapors; the model can also re- (POA). Biomass burning also emits volatile organic com-
produce observed changes in OA volatility and composition.pounds (VOCs); some of these, such as light aromatics,
The model was used to investigate the competition betwee@re known precursors for secondary organic aerosol (SOA).

photochemical processing and dilution on OA concentrationsSOA is formed when photo-oxidation of gas-phase organics
in plumes. produces low-volatility products that partition into the con-

densed phase. Source dilution experiments have shown that
a large fraction of wood-smoke POA is semivolatile (Lipsky
and Robinson, 2006; Shrivastava et al., 2006). Therefore,
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A number of field studies report substantial production of A small amount of exhaust was added to the chamber
organic aerosol (OA) in biomass-burning plumes that cannothrough a heated inlet connected to a small wood stove (Ca-
be explained with current models (Reid et al., 2005). Leebela’s Sheepherder Packer Stove). The fuels included (in
et al. (2008) inferred a 1.5- to 6-fold enhancement of OA separate experiments) mixed hardwoods, Laurel Oak and
in a prescribed burn plume within 3 to 4 h after emission. Yellow Pine. The emissions were injected during a va-
Sizeable production has also been reported for savannah fingety of combustion conditions, from smoldering to active
plumes in South Africa (Abel et al., 2003; Hobbs et al., flaming. The fuel wood was cut into small (approximately
2003). Concentrations of organic acids can also be enrichedx4x20 cm) pieces and the fire was allowed to burn for
in biomass-burning plumes (Nopmongcol et al., 2007; Peltier~30 min to allow the stove and chimney to reach a normal
etal., 2007; Reid et al., 1998). Nopmongcol et al. (2007) pro-operating temperature. Exhaust was injected into the cham-
posed that the excess OA levels were due to acid-catalyzeder using an ejector dilutor (Dekati DI 1000) connected to the
heterogeneous SOA formation; Lee et al. (2008) hypothestack of the stove about 30 cm above the fire box. The ejec-
sized that they might be due to enhanced isoprenoid emistor diluter was operated with HEPA and activated-carbon-
sions. filtered air heated to 35C. All sampling and transfer lines

Recent laboratory experiments have shown that photowere also maintained at 350. Upon entering the chamber,
chemical aging of diluted diesel exhaust produces largehe exhaust was rapidly diluted and cooled. Initial particu-
amounts of OA, much more than can be explained with tra-late matter concentrations were tens to hundregsgafi—3
ditional SOA precursors (Robinson, 2007; Sage et al., 2008pf predominantly carbonaceous material. Conditions were
Weitkamp et al., 2007). That work demonstrated the impor-thus “near ambient”, consistent with plumes downwind of a
tant linkages between the gas-particle partitioning of SVOCspoint source. In two experiments, NQevels in the wood
and aging; elucidating this relationship for other emissionsmoke were very low, so additional NO was injected into the
sources is an important need. chamber before turning on the UV lights.

This paper describes laboratory aging experiments carried After allowing time for mixing and initial data collec-
out to investigate OA production from photo-oxidation of tion, the UV lights in the smog chamber were turned on
emissions from hard- and soft-wood fires in a wood stoveto initiate photo-oxidation reactions (General Electric Model
under plume-like conditions. The experiments are designed 0526 blacklights). These lights yield an hhotolysis rate
to bridge the gap between field observations and laborator§Jvo,) of approximately 0.2 min! (roughly equivalent to so-
studies of source emissions and SOA formation from sin-lar radiation at a 70zenith angle (Carter et al., 2005). The
gle precursors. The specific objectives include: 1) quantify-experiments were conducted at2222C. The basic experi-
ing the production of OA due to photo-oxidation of biomass mental procedures were similar to the diesel aging experi-
smoke plumes; 2) assessing whether or not this productioments described by Weitkamp et al. (2007), with the addition
can be described by the measured decay of known SOA presf continuous aerosol black carbon (BC) and volatility mea-
cursors; 3) measuring the effects of aging on OA volatility; surements and a more extensive set of VOC measurements.
and 4) comparing the measured behavior to predictions of the
model proposed by Robinson et al. (2007) that explicitly ac-2.1  Instrumentation

counts for partitioning and aging of primary emissions. The , . ) )
paper closes with a comparison of the results from these ex] e evolution of the physical and chemical properties of the

periments to previously published field data from biomass-2€rosol was m.onitored Wit'h continuoug and semi-continuous
burning plumes. gas- and pgmcle-phase mstrumenta_\tlon. (_Bas-_phase mea-
surements included: CO(LI-820, Li-Cor Biosciences),
CO (Model 300A, API-Teledyne), NO(Model 200A, API-
2 Methods Teledyne) and @ (Model 1008-PC, Dasibi). VOCs were
measured with a Proton Transfer Reaction Mass Spec-
The effects of photochemical aging on wood smoke weretrometer (PTR-MS, lonicon) and a semi-continuous Gas
investigated by injecting emissions into the Carnegie Mel-Chromatograph-Mass Spectrometer (GC-MS, based on the
lon University (CMU) smog chamber and then aging the di- design of Millet et al., 2005). The PTR-MS and GC-MS
luted emissions via photochemistry initiated by UV lights. systems were calibrated using standards (TO-15 Standard,
The smog chamber is a temperature-controlled room conSpectra Gases, a custom blend of light- and heavy hydro-
taining a 12m Teflon-bag (Presto et al., 2005a). Before carbons from Scott Gases, and vaporized toluene, acetone,
each experiment, the chamber was cleaned by irradiationacetonitrile and acetaldehyde). During the first experiment
heat (40C), and continuous flushing with dry, HEPA-filtered the PTR-MS was operated in full-scan mode (scanning from
and activated-carbon-filtered air overnight. After cleaning,22 to 142 amu)_ For subsequent experiments the PTR-MS
the lights were turned off, and the chamber temperature wagas operated in selected-ion mode with a time resolution
reduced to 22C with an initial relative humidity of-5%. of ~2.5min, only measuring ions that exhibited substantial
changes in concentration during the first experiment.
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Aerosol size and composition distributions were measured®.2 Data analysis
with an Aerodyne Quadrapole Aerosol Mass Spectrometer
(AMS, Canagaratna et al., 2007) and two Scanning Mobility2.2.1 Quantifying OA production
Particle Sizers (SMPS, TSI, Inc., Models 3071 and 3080). . . ) )
The SMPS systems sampled particles with mobility diam-Quantifying the production of OA requires correcting for
eters Pma) from 16 to 760 nm, overlapping with the AMS losses 'of particles and vapors to the chambgr wall;. These
particle transmission window (Canagaratna et al., 2007). Th&Orrections have been extensively discussed in earlier papers
AMS alternated every 10s between mass spectrum (MS Grieshop et al., 2007; Pierce et al., 2008; Weitkamp et al.,

scanning, Jump Mass Spectrum (JMS, Crosier et al., 20074007). In this paper we use two independent methods to
and particle time of flight (PToF) modes with a sample av- quantify OA production. First, black carbon (BC) is used

eraging time of 5 minutes and a vaporizer temperature of'S a tracer for primary emissions. Under the assumption that
600°C. The AMS signal amn/z44 was corrected for the con- the aerosol is internally mixed, OA and BC have the same

tribution from gas-phase GO The particle-phase contribu- Wall-10ss rate and changes in the ratio of OA to BC mass in-
tion at m/z28 (CO" and potentially QHD was estimated dicate condensation or evaporation of semi-volatile vapors.

via comparison with particle-free samples (Grieshop et al. Ve quantify these changes using the OA enhancement ratio
2008). AMS data are used here to quantify organic aerosofER):

concentration; detailed discussion of chemical composition OA(1)
measurements is contained in a companion paper (GrieshopRr(r) = oig(—t)t ; (1)
et al., 2008) BC(t;tg)

Aerosol black carbon (BC) was measured with a Magee

Scientific 7-channel aethalometer (Model AE-31). BC Waswhere b refers to the ime when the Iights were turned on.
guantified using either the 880 or 590 nm channel; thes The second approach used to estimate OA production is

longer wavelengths are more strongly associated with B ased on correcting the SMPS data for wall losses. The first-

than other light-absorbing (brown) carbonaceous speciegrder wall-loss rate constant was measured at the beginning

(Kirchstetter et al., 2004). There was no evidence of sec.2nd end of each experiment when the black lights are off and

ondary production of light-absorbing aerosols at these WaveE_here is no OA production. The OA production is then es-

lengths. Aethalometer attenuation measurements were coF!—matFS ba_Ted onhfi particle mhass 3‘.’"""”08 (aalt::u{ztlcl)r;. Addi-
rected for particle loading effects using the method of Kirch- tional details on this approach are discussed by Weitkamp et

stetter and Novakov (2007). al. (2007). .
At the end of every experiment but one, filter packs Both approaches assume that the OA deposited to the walls

containing two pre-fired quartz-fiber filters were collected remains in equilibrium with thE." suspend_ed_ material._ Evi-
and analyzed with a Sunset Laboratory TOT Organic Car_dence from othgr.chamber aging and dllgtlon e?(penments
bon/Elemental Carbon (OC/EC) Analyzer using a modifieq SU99ests that this is a reasonable assumption (Grieshop et al.,

version of the NIOSH 5040 protocol (Subramanian et aI.,2087A; Pie(rjce ?t al., 200|8; Vt\)leitkamp et;lt.), 2(?07)' ina th
2004). The back-up filter is used to correct the front filter production can also be estimated by decomposing the

for OC positive artifact from gas phase organics; see (Subra’-A"vIS organic mass spectra (MS) into primary and secondary

manian et al., 2004; Turpin et al., 2000). The aethalome-'vIS as outlined by Sage et al. (2008). This method and
ter BC and fflter Eé concentratic;ns were in good agree_results from its application are discussed in the companion

ment (R2=0.99, slope=0.83). AMS organic and filter OC Manuscript (Grieshop et al., 2008).
2_ _ .

were yveII correlated K T0.97, slope—.0.47), suggesting an , 5 5 op volatility

organic-matter-to-organic-carbon ratio of the aged OA of

about 2. The AMS measurements made with the TD system were an-
Aerosol volatili'_[y was investigated using a'_[hermodenudera|yzed to quantify the OA volatility throughout the experi-
(TD) system which heated a sample continuously drawnment. The organic aerosol mass that evaporated in the TD
fro_m the chamber and then stripped the evaporated vaporg presented as the mass fraction remaining (MFR), which is
using an activated-carbon denuder (An et al., 2007). Thejefined as the ratio of the OA mass concentration measured
residence time in the heated section was approximately 16 $fter the TD (Gp) to that measured after the bypass line

The TD was operated at gas temperatures between 50 ai bypasy’

85°C. An SMPS and the AMS were used to characterize the

aerosol downstream of the TD and on a bypass line main; FR — Crp @)
tained at 25C. The measurements alternated between these Choypass

two lines every 15-30 min. Total number loss in the TD sys-
tem was found to be less than 2% at ambient temperatures
(An et al., 2007) and AMS mass loss in the system (in by-
pass mode) was less than 5%.
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as benzene, toluene, ethylbenzene, m- and o-xylenes and
emissions from smoldering Yellow Pin€A) Measured OA, esti- a-plnene_. Concentrat_lons Of_ other, m_lnor SOA precursors
mated POA based on BC data, and predicted traditional §Bp.  Were estimated by using emission ratios with both toluene
Wall-loss-corrected OA concentrations of primary, predicted tradi-&nd organic carbon emission factors from a published pine
tional SOA and total OA based on the BC data (red). The dashedv0od-combustion emission profile (Schauer et al., 2001). A
line in (B) is the SMPS wall-loss-corrected estimai@) PTR-MS ~ comparison of emission ratios of compounds we measured
data showing the change in relative signal intensity for select mass$ndicates that this is a reasonable assumption. For exam-
fragments(D) CO, Oz and NG levels. The large increase in NO  ple, Schauer’s benzene-to-toluene emission ratio of 2.4 and
at hour 4.8 was due to an injection of additional NO into the Cham-methacro|ein_to_to|uene emission ratio of 0.15 are reason-
ber, which titrated some £ ably consistent with our campaign-average values of 4.8 and
0.12, respectively. In some cases, unambiguious identifica-
) tion of a precursor was not possible — for example, xylenes,

2.2.3 SOA modeling ethylbenzenes and benzaldehyde all appear at mass 107 in
) the PTR-MS and were not all separately calibrated for in the

The SOA model SOAM Il was used to estimate the SOA g s, In such cases, VOC concentrations were attributed

production from traditional precursors (Koo et al.,_ 2003; {9 the species with the highest SOA yields to give a conser-
Strader et al., 1999; Weitkamp et al., 2007). For this Work'vative, upper-limit estimate for SOA production.

SOAM Il was further updated with recently measured higher
SOA vyields for the low-NQ photo-oxidation of aromatics
(Ng et al., 2007). This update will maximize the calculated 3 gxperimental results
SOA contribution from traditional precursors.
Following the approach of Weitkamp et al. (2007), 3.1 Production of organic aerosol
SOAM Il was implemented as a box model which consid-
ers 13 lumped precursor species that represent 67 individuafigure 1 shows time-series of gas- and particle-phase data
aromatic, alkane and alkene VOCs. The model uses the medrom a typical aging experiment. Figure 1a plots the OA
sured decay of these VOCs to generate condensable prodoncentration (Gg) measured with the AMS and an estimate
ucts; the partitioning of these products is calculated usingof the POA mass based on the initiah£and the wall-loss
absorptive partitioning theory under the assumption that theate determined from the BC data. There is clear evidence of
species are in equilibrium with the wall-loss corrected total substantial production of OA. During the first hour of photo-
aerosol mass concentration (Weitkamp et al., 2007). oxidation, the production rate was greater than the wall-loss
We directly measured the decay of 10 traditional SOA rate and the ga increased by a factor of 1.3. After about
precursors with the PTR-MS and GC-MS systems. Thisan hour of oxidation, the secondary production slows and the
included the major aromatic and biogenic precursors suctOA level in the chamber falls due to wall loss. Particle size

Fig. 1. Time series plots from aging experiment 5 conducted with
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distributions measured with the SMPS are shown in Fig. 2.etal., 2004), 45 (acetalaldehyde) and 61 (acetic acid and gly-
Before aging, the mass mode was around 90 nm; after ageolaldehyde). Acetic acid production was observed down-
ing for four hours, it was about 190 nm. The increase in thewind of African savannah fires (Hobbs et al., 2003) but not
particle size was primarily driven by condensational growth. in plumes from boreal fires (de Gouw et al., 2006) and is not
Figure 1b shows a time series of the wall-loss-correctedpredicted by photochemical plume models (Trentmann et al.,
OA. The initial POA concentration was about Em3; 2005).
photo-oxidation increased the wall-loss-corrected OA con- Measured @, NOy and CO concentrations are shown in
centration to approximately 13@m 3. These levels are Fig. 1d. G levels in this experiment increased by about
consistent with near-source conditions and concentration200 ppb and N@ concentration dropped from 63 to 35 ppb
observed in concentrated plumes in the free troposphere asluring aging. These changes are qualitatively consistent with
sociated with continental-scale transport of emissions fromboth field measurements (Hobbs et al., 2003) and plume
intense wildfires (e.g. OM75ugm~2 after 1000s of km in  model simulations (Trentmann et al., 2003). The ozone con-
Peltier et al., 2007). The AMS measurements indicate thatentrations are somewhat higher than might be seen in a real
the dominant component of the non-refractory primary andplume due to the lack of continued dilution in the chamber.
secondary aerosol is organic material, with minor contribu-CO is often used as tracer in plume measurements; Fig. 1d
tions from nitrate (equivalent to 1-5% of the organic mass),indicates that CO levels were constant throughout the exper-
ammonium (0.5 to 2% of the organic mass) and chlorideiment.
(<1% or organic mass). Hydroxyl radical (OH) concentrations were inferred from
The estimate of OA production shown in Fig. 1b is basedthe measured decay of multiple light aromatics and published
on the BC data measured with the aethalometer. This apkinetics data. For the experiment shown in Fig. 1, the average
proach assumes that aethalometer response to BC loadin@H concentration was 443)x 10° molecules cm?®, compa-
does not change as the aerosol evolves during aging. Theble to daytime conditions in the summer. OH concentra-
SMPS-based estimate of aerosol production provides a chedkons were reasonably constant throughout the experiment.
on the BC-based estimate. Figure 1b indicates that there is Figure 1la and b also shows an estimate of traditional SOA
good agreement between these two independent approachdmsed on the measured precursor decay and SOAM II. This
These two estimates also compare favorably with estimatesstimate only explained 15% of the observed OA increase.
based on decomposition of the AMS spectrum presented iight aromatics were the most important traditional precur-
the companion manuscript (Grieshop et al., 2008). The consors, contributing 70% of the predicted SOA mass. As il-
sistency of these multiple independent estimates supports thiestrated in Fig. 1c, the oxidation rate of light aromatics was
use of the aethalometer data as a measure of the primampuch too slow to explain the rapid initial increase in OA con-
aerosol emissions. centrations. For example, the initial benzene concentration
Time series of selected PTR-MS mass fragments aren this experiment was 4 ppb but only 13% of it was oxidized
plotted in Fig. 1c. For examplem/z81 is associated after 5.5h of aging. The initial toluene concentration was
with monoterpenes and rapidly decays to background lev-1 ppb but only 30% of it was oxidized during this experi-
els within an hour. Benzene is detectedrdt79; it decays ment. Monoterpenes contributed only 20% of the predicted
very slowly during photo-oxidation. As discussed below, the SOA formation. It seems highly unlikely that uncertainty
measured decay of these and other traditional SOA precurin SOA yields from traditional precursors could explain the
sors cannot explain the generation of OA observed in theséarge amounts of unaccounted-for OA production.
experiments. Although the PTR-MS measurements were pri- Although Fig. 1 features data from one experiment, sim-
marily used to quantify the decay of known SOA precursors,ilar results were observed in other experiments conducted
Fig. 1c also shows a few other mass fragments that exhibwith emissions from smoldering and flaming soft- and hard-
ited large changes in multiple experiments. In every experwood fires. Table 1 summarizes the combustion conditions
iment, photo-oxidation substantially increased the PTR-MSfor the entire set of experiments. Modified combustion effi-
signals amm/z31 (formaldehyde), 46 (nitric acid), 47 (formic ciencies (MCE, Koppmann et al., 2005) ranged between 0.58
acid), and 59 (acetone, propanol, methyl vinyl ether, glyoxaland 0.93 with a median value of 0.87. Reid et al. (2005) uses
or 2,3-butanedione). All of these tentative species designaan MCE value of 0.9 to differentiate between flaming (high
tions are based upon previously published instrument interMCE) and smoldering (lower MCE) combustion; based on
comparison studies conducted with biomass-burning emisthis definition, four of these experiments were performed
sions (Christian et al., 2004; Karl et al., 2007). Across thewith emissions from smoldering combustion while two were
set of experiments, the PTR-MS signalmafz31 increased from flaming combustion. OC-to-EC ratios also depend on
by a factor of 1.5 to 2.1; the signals at/z46 andm/z47 combustion conditions. The two experiments with the low-
increased by 2.5 to 7.5 times; and the signaimét59 in- est MCE values (smoldering fires) are OC-dominated while
creased by a factor of 1.2 to 2.2. Other masses with increasefaming combustion produces substantially more EC.
signal in more than one experiment wenéz43 (potentially
propene, but also G3€O*™ and Q;H;“ fragments, Christian
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Table 1. Summary of experimental conditions of fresh emissions before turning on the UV lights.

Experiment MCE  POA OCEC Nd’c cot co/ Benzene/ Toluene/  Acetonitrile/
co; co cof cord
ugm=3  ratio ppb ppm molar% ppbppnt ppbppntl  ppbppntl
Laurel Oak
1 smoldering and flaming 0.85 40 1.6 113 19 17 0.8 0.2 0.1
2 flaming w/embers 0.93 90 19 150 13 7 1.3 0.2 0.3
3 smoldering and flaming 0.90 40 1.1 60 6 11 1.1 0.1 0.5
Yellow Pine
4 flaming w/embers 0.88 770 2.2 103(39) 10 14 4.3 15 0.6
5 smoldering/dying flame  0.71 50 13 63 37 41 0.1 0.0 0.1
High NOy (Pine)
6 flaming w/embers 0.58 70 13 244 (18) 2 71 3.7 1.1 0.8

& MCE = Modified Combustion Efficiency, see (Koppmann et al., 2005) for definition.
b The values in parenthesis for experiments 4 and 6 show thel®l@Is before additional NO was injected into the chamber.

€ All gas-phase data are background-corrected.
d Uncertainty in acetonitrile concentrations were about a factor of 2 due to problems with the calibration for this compound during these

experiments.

. . . . - . . Oxidant levels in the chamber were comparable to
daytime conditions during the summer. The esti-
S mated campaign-average OH concentration was 3.6
- (£0.5)x10° moleculescm® (+ standard deviation of
experiment mean estimates). 3 Qoroduction occurred
throughout the “lights-on” period in every experiment.
Figure 3 indicates that, in some experiments, OA produc-
tion continued after the UV lights were turned off. This
may be due to continued ozone chemistry; ozone levels
declined after the lights were turned off (first order decay
of 0.24+0.16 ppbhl). However, no OA production was
observed in the period before the UV lights were turned on
: § : : A T : (typically 30—45 min after injection).
Elapsed time from lights on (hours) Much less OA was produced in one experiment in which
220 ppbv of NO was added to the chamber before turning
Fig. 3. Compilation of OA ER calculated using AMS and BC data on the UV lights. This experiment is labeled as high,N®
(Eq. 1). The traces are shown in a lighter color after the chambelrijg. 3. The chemistry for this experiment appeared to be fun-
UV lights were turned off. Experimental conditions are listed in damentally different than any of the other experiments. For
Tables 1 and 2. example, after adding the NO g@oncentrations dropped for
about an hour indicating titration. In addition, Fig. 3 shows
Figure 3 plots OA ER calculated using the BC approachthat the OA ER initially decreased after the lights were turned
from all of the experiments. Excluding one high-N®X-  on, presumably due to evaporation. This suggests that OA
periment discussed below, the OA ER ranged between 1.8roduction from photo-oxidation of wood smoke depends on
and 2.7 after 4 to 6h of aging. These estimates also agrefhe VOC-to-NQ ratio. Such dependence has been observed
with results from spectral decomposition of the AMS data for traditional SOA precursors due to peroxy radical chem-
(Grieshop et al., 2008). Although experiments were con-jstry (Ng et al., 2007; Presto et al., 2005b). However,yNO
ducted with different fuels and combustion Conditions, WEe |evels in this experiment were ||ke|y much h|gher than typ_
did not see any general correlation between OA productionca| fire plumes: the N@to-benzene and toluene ratios in
and MCE or OC-to-EC ratio. Traditional SOA is predicted thijs experiment were a factor of 5 to 100 higher than typical
to contribute only a small fraction of the observed OA pro- plumes (Andreae and Merlet, 2001). In addition, chamber
duction in every experiment. Table 2 indicates that in the fiveco and CQ levels were much lower during this experiment,
low-NOy experiments, modeled SOA production contributed potentially indicating a problem with the sampling system.
on average 17% of the total SOA production (range 5-30%).

3.0

g
o
1

N
=}
1

OA Enhancement Ratio (ER)
=
o
1
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Table 2. Summary of experimental parameters related to aerosol aging.

Experiment (OH]  AO2 BC-OAER’ SOAMER®  AMS O:C
molec cnt3 ppb ratio Ratio initial ~ final
Laurel Oak
1 smoldering and flaming 4.2E+06 148 1.9 1.16 0.36 0.56
2 flaming w/embers 3.6E+06 275 1.8 1.24 0.34 055
3 smoldering and flaming 3.6E+06 102 2.1 1.21 0.25 042
Yellow Pine
4  flaming w/embers 3.1E+06 220 2.6 1.08 0.13 0.38
5 smoldering/dying flame 3.9E+06 196 2.7 1.25 0.2 0.5
High NO (Pine)
6 flaming wiember® 2.9E+06 43 1.2 1.15 0.22 0.4

& AQj3 is the increase in chambeg@nixing ratio during the photo-oxidation phase of the expeirment.

b BC-OA ER is the end-of-experiment OA ER determined using BC-scaling (Eq. 1).

¢ SOAM ER is the predicted OA ER due to traditional SOA formation calculated using the measured VOC precursor decay and SOAM II.
d AMS O:C ratio is determined using the fractional contributionréz44 to the AMS organic spectrum and the relation from Aiken et

al. (2008).

€ High-NOx yields from Ng et al. (2007) were used to model SOA formation from aromatics in this experiment.

3.2 Organic aerosol volatility experiment (Fig. 3) and that the AMS data indicates that OA
becomes progressively more oxygenated as the experiment

The volatility of the OA was characterized using a thermode-Progresses (Grieshop et al., 2008). The trends in the OA
nuder (TD). Figure 2 plots particle volume distributions mea- composition and volatility data may indicate that fragmenta-
sured before and after the TD with the SMPS. The shifts intion becomes more important after the initial stages of aging.
these distributions indicate that a large fraction of both the One must carefully consider whether or not the aerosol
fresh and aged aerosol evaporated 450 reaches equilibrium when interpreting TD data (An et al.,

To quantify the changes in OA mass with temperature,2007)' If the OA is not in equilibrium then the TD data pro-
Fig. 4a shows the MFR of fresh and aged OA measured witlvide a measure of the relative evaporation rates, which de-
the AMS as a function of TD temperature (a plot referred to pend on p_article_size e_md concentration (Sei_nfeld, 1998). T_he
here as a thermogram). Between 50% and 80% of the fresfiicrease in particle size due to condensational growth will
POA evaporated at 5C. Therefore, the majority of wood slow evaporation, potentially biasing our interpretation that

smoke POA should be classified as semivolatile at typicali"® 29ed OA is less volatile than the POA. A dynamic mass

atmospheric conditions, consistent with recent dilution sam-transfer model of the aerosol inside the TD indicates that the

pler (Lipsky and Robinson, 2006; Shrivastava et al. 2006)measured changes in particle size were insufficient to cause

and thermodenuder measurements (Huffman, et al., 2008). a substantial change in particle equilibration time (Stanier
The aged OA was always less volatile than freshly emittedet al, 2007). We suggest two potential explanations for the

. S step-change in particle volatility: 1) time-varying OA com-
m 0
tphgglglégroe:amzfsl: ,esgogtglg gft?';ems ;Z?t:gléightz LSKI‘)]I?E Ofposition (as discussed above); or 2) evolving mass-transfer

i nsistent with photo-oxidation creating more oxvaenat dIimitations, either due to accommodation at the particle sur-
s consistent with photo-oxidation creating more oxygenatete, .o o oiher uptake processes, which limit the evaporation of
but less volatile compounds. Aging increased the AMZ

) L the bulk aerosol. As described in the companion manuscript
gs/eﬁ;?gﬂrécgjé;‘ztce"g'?g;gg‘;g;ee?:l bzeggg)‘es Progres- G rieshop et al., 2008), TD data for individual AMS frag-

" ) ments provides some evidence to support the latter explana-

The changes in OA volatility as a function of time are tjon, byt further investigation is needed.

shown in Fig. 5. In every experiment, the OA volatility mea-
sured at 50C decreased substantially during the first hour of
photo-oxidation, but then remained essentially constant with4  Basis-set modeling
subsequent aging. This step-change-like behavior means that
the OA formed during the initial stages of photo-oxidation In this section we compare our data to predictions of the
is much less volatile than the POA. However, the constanimodel of Robinson et al. (2007) to investigate the hypoth-
volatility after one hour of aging is somewhat surprising con- esis that the unaccounted-for OA production is due to oxi-
sidering that there was sustained production of OA in everydation of low-volatility organic vapors. This hypothesis is
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Model predictions based on different sets of input parame-
ters are compared to highlight important uncertainties. The
model is based on the volatility basis-set framework (Don-
Fig. 4. Thermograms of OA mass fraction remaining (MFR) for ahue et al., 2006), which was 'mplemented in .a, box moqel'
fresh and aged aerosol§A) Measured data for five experiments. 1 ne model tracks the concentration of low-volatility organics
Data points for fresh OA are shown with triangles and aged OAUSING a nine-bin volatility basis set; the bins have effective
with squares. The dashed lines in (A) indicate average fresh angaturation concentrations {Cwhich are spaced by factors
aged thermograms. The colored fans in (A) illustrate the inter-of 10 between 0.01 and §@.gm 2 at 298 K. Gas-patrticle
experiment variability in the thermodenuder datB) Compari-  partitioning is calculated using absorptive partitioning the-
son of average measured OA MFR values with equilibrium pre-ory (Pankow, 1994) assuming that all of the organics form a

in the text. Dashed and solid lines show model predictions usingare in equilibrium.

the “wood-smoke” and “diesel” fits shown in Fig. 6, respectively.
Lower (green) traces show predicted volatility of fresh emissions
while upper (purple) traces show volatility after 5 h of aging.

The initial gas and particle concentrations in each bin were
determined based on the measured POA concentrations and
an assumed volatility distribution. For this work we consid-
ered three different volatility distributions, which are plot-

motivated by several pieces of evidence. First, wood smokded in Fig. 6a and listed in Table 3. Two of the distribu-
contains thousands of individual organic compounds, distions were proposed by Robinson et al. (2007) to represent
tributed across a wide range of volatilities. Source dilution POA emissions. These distributions were based on the mea-
experiments have shown that a large fraction of wood smokéured gas-particle partitioning of diesel exhaust. The distri-
POA evaporates upon isothermal dilution (Lipsky and Robin-bution labeled “Diesel” is based on partitioning of the or-
son, 2006; Shrivastava et al., 2006), which means that a sukganics collected on quartz filters; the distribution labeled
stantial pool of low-volatility organic vapors exists in plumes “Diesel+IVOC” includes additional emissions of interme-
(and our chamber). Second, oxidation of these vapors willdiate volatility organic compounds (IVOCs) that are pre-
produce acids, nitrates, and carbonyls, which have lower vasumably not captured on the quartz filters (see Robinson,
por pressures than the parent Compounds (Pankow and Ash&(,)()?, for details on these volatility distributions). The third
2008). Given the low initial volatility of the parent com- distribution, labeled “wood smoke,” was derived by fitting
poundsl we expect oxidation of these vapors to form OA with preViOUSIy pUb“Shed wood-smoke dilution data collected at
high efficiency; for example, SOA yields from n-alkanes in- moderate- to high-concentrations using quartz filters (Lipsky
crease with carbon number (Lim and Ziemann, 2005). and Robinson, 2006; Shrivastava et al., 2006).
Figure 6b compares the gas-particle partitioning pre-
dicted by these three distributions with partitioning data for
wood smoke measured with dilution samplers (Lipsky and
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Table 3. Parameters used in basis-set and thermodenuder models.

C* AHyap Molecular POA volatility distribution§
Weight
ugm3 kimor! gmol1 Diesel Diesel+IVOC Wood-smoke
0.01 77 524 0.03 0.03 0
0.1 73 479 0.06 0.06 0
1 69 434 0.09 0.09 0.1
10 65 389 0.14 0.14 0.14
100 61 344 0.18 0.18 0.33
1000 57 299 0.3 0.3 0.33
10000 54 254 0.2 0.4 0.1
100000 50 208 0 0.5 0
1000000 46 163 0 0.8 0
Robinson et al. (2007)  Modified

koH cm®molec1s1 4.0x10711 2.0x10711

Oxygen Mass/generation 1.075 1.4

Volatility shift Bins/generation 1bin 2bins

2 Relative mass emissions in each volatility bin.

Robinson, 2006; Shrivastava et al., 2006). The predictedeproduce the measured OA production. The “wood smoke”
gas-particle partitioning based on all three distributionspredictions are not shown in Fig. 7a to reduce clutter; they
agrees well with the experimental data, justifying their useessentially fall on top of the diesel calculations. Therefore,
in our simulations. It also supports the approach of Robin-there is sufficient mass of low-volatility vapor to explain
son et al. (2007) to use one distribution to represent all POAthe observed production. However, the model based on the
emissions. “diesel+IVOC” distribution outpaces the observed produc-
After determining the initial concentrations of low- ton after about 2h of aging. Likely explanations are that
volatility organics, the model simulates aging by reacting thethis model overestimates the concentrations of IVOC vapors
vapors with OH. Following Robinson et al. (2007), the OH and/or that the aging mechanism is not appropriately altering
reaction rate constankdy) is 4x10-cm3molects! the volatility distribution. The comparisons in Shrivastava
(slightly higher than that expected for the OH oxidation of €t al- (2008) suggest that wood combustion emits relatively
a largen-alkane) and the scheme assumes a modest (7.594¢SS IVOC mass than motor vehicles, lending support to the
netincrease in mass per reaction to account for added oxygefSt concem. Furthermore, the aging mechanism assumes
(equivalent to adding a single oxygen atom tosg @lkane).  that the reaction products all have lower volatility than the
Each reaction reduces the volatility of the vapors by a factorPrécursors; however, this may not be a good assumption for
of ten (i.e. shifts the material to the next lower volatility bin), 'VOC vapors, which only form aerosols after multiple gen-
which changes the gas-particle partitioning and creates ne\grations of processing. The probability that the carbon back-
OA. bone breaks to create more volatile products should increase

Figure 7 compares model predictions to the average datglwth each generation of processing.

from the five low-NQ experiments. For these calculations, Figure 7a indicates that none of the models reproduce the
the model was initialized using the average POA concentrainitial rapid burst of OA production that occurs in the first
tions and the chemistry was driven by the average OH conhour of aging. This suggests that there may initially be a
centrations. The experimental data were used to evaluate theool of very reactive precursors.

predicted OA production (Fig. 7a), changes in OA composi-  The measured OA composition data provide another test
tion (Fig. 7b), and OA volatility (Fig. 7c). of the basis-set model. As described in the companion
Figure 7a compares model predictions to the averagemanuscript (Grieshop et al., 2008), the AMS data indicate
OA enhancement ratio (ER). In this plot, the measuredthat aging continuously increases the amount of oxygenated
ER has been corrected for the predicted SOA productionOA. Figure 7b shows the average O:C ratio calculated for
from traditional precursors; therefore it only represents thethe five low-NQ, experiments using the AMS signal @'z
unaccounted-for OA production.  Simulations using ei- 44 (CO}“) and the parameterization of Aiken et al. (2008).
ther the “diesel” or “wood smoke” volatility distribution An O:C ratio can also be inferred from the basis set model
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Fig. 6. (A) \olatility distributions proposed by Robinson et 0.2- T T a

al. (2007) for POA along with a fit to wood-smoke dilution data. 0 1 2 3 4
(B) Measured gas-particle partitioning data for wood-smoke ex-
pressed as the fraction of the semivolatile organics existing in the

particle phase. The curves in (B) show predicted partitioning basedF 7 T dand
on volatility distributions shown in (A). Measured partitioning data '9. Ime series comparing campaign-average measured and pre-

. : ) . dicted OA:(A) Enhancement ratio corrected for traditional SOA;
from (Lipsky and Robinson, 2006; Shrivastava et al., 2006). . . o
(Lipsky ) (B) OA O:C ratio;(C) OA MFR at 50°C. Black lines indicate aver-

age data with grey regions showidgone standard deviation. The
based on the assumed 7.5% increase in mass per generatiawlors of the lines and symbols are used consistently in all three
The initial O:C ratio in the model is based on the experimentpanels; the symbols indicate model predictions using the different
average for the POA. sets of parameters listed in Table 3. Curves in (C) indicate predicted
Figure 7b indicates that the Robinson et al. (2007) mode[evaporation at equilibrium in the TD using diesel and wood-smoke
only increases the predicted O:C ratio from 0.32 to 0.38 aﬁeﬁ/olatlllty distributions in the modified aging model. Models based
4h of aging versus an average measured increase of 0.32 %1 the wood-smoke and diesel volatility distributions have nearly
ntical predicted OA ER and O:C time series.
0.48. Therefore, it does not add enough oxygen to the OA.
We modified the model parameters to better fit the observed
increase in O:C ratio. The modified aging mechanism re- The modified aging parameters are reasonably consistent
duces the volatility of gas-phase material by a factor of 100with what is known about the chemistry of large hydrocar-
with each generation of oxidation (a two-bin shift), the OH bons. For example, a reduction of By a factor of 100 per
reaction rate was halved tox20-*tcm®*molects™ and  generation of oxidation is supported by the effects on volatil-
the organic mass was increased by 40% for each generatiofy of additional molecular functionality (Pankow and Asher,
of oxidation (equivalent to adding about 5 oxygen atoms t02008). However, the amount of added oxygen per generation
a G5 alkane). As shown in Fig. 7a these modifications havejs somewhat higher than what would be expected; for exam-
little effect on the predicted OA production; however, they ple, the mechanism of Lim and Ziemann (2005) adds up to
improve the predictions of OA oxygen content. four oxygen atoms per generation. A potential explanation is
that fragmentation reactions that break the carbon backbone
may play an important role in the photochemical aging of pri-
mary emissions. Reducing the size of the carbon backbone

Elapsed time from lights on (hours)
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will lead to more rapid increases in O:C while also limit- Substantial OA production from fire emissions may help ex-
ing the overall OA growth due to volatilization of the lighter plain carbon-isotope studies indicating that modern carbon
fragments. It thus has the potential to explain the sharp initialis often the dominant contributor to OA, even in urban areas
increase in OA, the sharp initial decrease in volatility, and the(Hildemann et al., 1994; Szidat et al., 2006; Tanner et al.,
progressive increase in particle-phase O:C. 2004; Zheng et al., 2006).

The OA volatility measurements made with the TD pro-  Field studies have attributed OA production in fire plumes
vide a final test of the model. In order to compare the modelto slow condensation of large hydrocarbons (Reid et al.,
predictions to the data, we calculated the OA MFR as a func-1998), enhanced isoprenoid emissions (Lee et al., 2008) and
tion of temperature using simulated volatility distributions. acid-catalyzed reactions (Nopmongcol et al., 2007). How-
The temperature dependence df i§ expressed using the ever, none of these mechanisms appear to explain our exper-
Clausius-Clapeyron equation and the enthalpies of vaporizaimental data. Partitioning theory and dilution sampler mea-
tion listed in Table 3. These values are based on data fosurements indicate that large hydrocarbons do not condense
large saturated species commonly found in primary emis-but evaporate as the plume isothermally disperses at atmo-
sions (Donahue et al., 2006). The calculations assume thatpheric temperatures (Lipsky and Robinson, 2006; Shrivas-
the aerosol reaches equilibriumin the TD, an assumption distava et al., 2006). Heating of the forest canopy and com-
cussed in more detail below. bustion of a wider range of fuels can lead to enhanced emis-

Figure 4b indicates that the model based on the diesesions of isoprenoids such as monoterpenes, but in our exper-
volatility distribution under-predicts the evaporation of the iments these emissions were almost two orders of magnitude
fresh POA. This model also only predicts a relatively mi- too low to explain the observed OA production. Finally, the
nor decrease in volatility with aging, far less than was ob-lack of inorganic acidity likely reduces the potential for acid-
served in the experimental data (Fig. 7c). Considering thatatalyzed reactions in our experiments.
this model assumes equilibrium TD partitioning (and thus We attribute the production of the unexplained OA to the
likely over-predicts evaporation relative to the experimentaloxidation of low-volatility organic vapors. The existence of
data), this result indicates that the diesel distribution assignghese vapors is demonstrated by wood smoke POA evapo-
too much material to the lowest volatility bins to accurately rating upon isothermal dilution. The concentrations of these
represent the partitioning behavior of wood-smoke aerosoldow-volatility vapors appear to greatly exceed that of POA at
inthe TD. atmospheric conditions (Lipsky and Robinson, 2006; Shri-

Much better agreement is observed with the TD data whervastava et al., 2006, 2008), consistent with the observed dou-
the wood-smoke volatility distribution is used in the ag- bling or tripling OA concentrations after modest amounts
ing and TD models. For example, thermograms in Fig. 4bof aging of diluted emissions in a smog chamber. A chal-
show that the wood-smoke distribution becomes substanlenge is that the chemical identity of the vast majority of
tially less volatile after 5h of aging, consistent with the ex- low-volatility organics is not known because they appear as
perimental data. In addition, the model calculations with thean unresolved complex mixture (UCM) in traditional gas-
wood-smoke distribution generally show more evaporationchromatographic analysis (Schauer et al., 2001). The volatil-
than was observed, consistent with the measured aerosol n8y basis-set approach provides a semi-empirical framework
reaching equilibrium in the TD. to treat the partitioning and aging of this complex mixture.

Figure 6 indicates that the wood smoke and diesel volatil-The success of the basis-set model in simulating the OA pro-
ity distributions are quite similar except in the lowestiins. ~ duction is encouraging, but the model-measurement compar-
Therefore, the predictions of the TD model appear to be quitdSon indicates that more research is needed to accurately rep-
sensitive to the amount of material assigned to these bingesent the volatility and aging of primary emissions. Impor-
which is currently not well-constrained with experimental tant uncertainties include the emissions of IVOCs, fragmen-
data (Shrivastava et al., 2006). tation in the aging mechanism, and the rapid increases in OA

oxygen content.

The thermodenuder data provide new insight into OA

5 Discussion and conclusions volatility. They demonstrate that fresh POA is more volatile

than the aged OA produced from photo-oxidation. This is
Photo-oxidation of dilute wood combustion emissions in ain contrast to the current treatment in chemical transport
smog chamber rapidly produces substantial OA, greatly inmodels, which assumes that POA is non-volatile and SOA
excess of what can be explained by the measured decay @& semivolatile. The fact that the aged OA is less volatile
traditional SOA precursors. The rate and magnitude of thethan the POA is consistent with low-volatility vapors be-
OA production in our experiments is consistent with field ing important SOA precursors. In other words, oxidation of
observations of aerosol mass production downwind of largdow-volatility vapors should likely create products that are
fires (Reid et al., 2005). For example, Lee et al. (2008) re-even less volatile than semivolatile POA or traditional SOA
port 1.5 to 6-fold enhancements of OA concentrations aftefformed from very volatile precursors.
3 to 4 h of aging downwind of a prescribed burn in Georgia.
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of our emissions ranged from 1.1 to 13 which is comparable
A to the range of values reported by field studies, 1.7 to 17.3
(Reid et al., 2005). The average N®mission ratio for our

A Reactive (Partitioning + Aging) = experiments was 4#1)x10~4kg NO (kg CQ) 1, which is

N

° O Inert

L, O Non-reactive (Partitioning only) on the low end of field data (Andreae and Merlet, 2001).
nO

20

/.
/4

The campaign primary OC emission factor (assuming an
OM:OC ratio of 2.1 (Turpin and Lim, 2001) was @&71.0gC
(kgCO) 1 (average+ standard deviation) which is also
somewhat lower than field data (Andreae and Merlet, 2001).
However, OC emissions measurements are difficult to com-
pare because of potential differences in gas-particle partition-
ing of semivolatile organic compounds (Lipsky and Robin-
son, 2006; Shrivastava et al., 2006) and the treatment of filter
sampling artifacts (Subramanian et al., 2004). Our ratios of
benzene and toluene with CO were quite variable, but are in
reasonable agreement with values from literature (de Gouw
4 Reactive:Non-reactive — et al., 2006). The acetonitrile-to-CO ratios measured were a
: Egi?rﬂeva%tlir\]/zr-tlnert factor of 2 to 10 lower than most literature values. The fresh
' particle size distributions measured here are similar to pub-
lished data for fire place emissions (Kleeman et al., 1999) but
somewhat smaller than field measurements of fresh biomass-
’“xx,o«»“"’" burning plumes (Reid et al., 2005). This difference may be
2 ,“xxxxx"" B due to emissions in our experiments being more rapidly di-
luted than those in real plumes. While differences in particle
xxxxx""x size distribution will affect particle microphysical processes
i Wy B such as coagulation and condensation, this should not affect
POI0010M000 000000040 0000000000000 00000640040} the equilibrium partitioning of SVOCs that is the critical pro-
! ! ' ! ! ' ! cess in aerosol aging.
0 1 2 3 4 S 6 Another important difference between our experiments
Elapsed time (hours) and aging of real biomass-burning plumes is dilution. In
_ o _ o real plumes the emissions are continuously diluted as they
Fig. 8. Model predictions of the evolving OA concentrations in a are advected downwind from the source. In contrast, the di-
biomass-burning plume. Pan@) shows predicted concentrations lution ratio during the aging phase of our experiments was

for three cases: inert (non-volatile and non-reactive), non-reactiveﬁxed Therefore. the OA levels in a real blume depend on
(semi-volatile but non-reactive) and reactive (semi-volatile and re- ) ’ P P

acts according to the basis-set aging model) OA emissions. pandhe relative importance of dilution-driven evaporation versus

(B) shows concentration ratios of the reactive to non-reactive ancphOtOChemical production. - _ .
inert cases. The basis-set model was modified to investigate the com-

peting effects of dilution and aging in plumes. The modified
model used the parameterization of Trentmann et al. (2005)
Biomass-burning is a very heterogeneous source withg dilute the emissions. This parameterization is based on
many different fuel types burning under a wide range of measured CO dilution downwind of large scale savannah
conditions. These experiments investigated emissions frotires. The emissions were simultaneously aged using the
one type of biomass-burning: wood fires burning inside of a«\odified” aging parameters listed in Table 3 and assum-
wood stove. Wood burning in a stove likely involves a more ing a constant OH concentration 0k40° molecules cm®
homogenous fuel source and different, potentially more eftg match conditions in our chamber experiments; this is
ficient, burning mode than other types of biomass burningsomewhat lower than the average in-plume OH concentration
sources such as wildfires or prescribed burns. In order to ingf 7.7—1 7210 molecules cm3 calculated by Trentmann et
vestigate a wider range of emission scenarios, we specifically|. (2005). The initial POA concentration was 109m=3,
conducted experiments with different fuel types and different\yhich is similar to aircraft data measured close to wild-
burning modes (smoldering and flaming). fires (Hobbs et al., 2003). The gas-particle partitioning of
Our emissions data generally fall within the range of liter- the fresh POA emissions was determined using the “Diesel”
ature data for biomass-burning. For example, CO/@@lar  volatility distribution (Table 3).
emission ratios in our experiments range from 7 to 71% with Figure 8a presents model predictions for three differ-
a median of 15%. versus a range between 2 and 20% reportezht scenarios: inert POA (non-volatile and non-reactive),
by field studies (Koppmann et al., 2005). The OC-to-EC ratiosemivolatile OA that partitions but does not age, and

Ratio
w
1
I
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semivolatile OA that partitions and ages via the mechanism J. R., Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway,
discussed above. The decrease in concentration for the inert M., Ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra,

POA is due to dilution; Fig. 8a indicates that the model di-
lutes the emissions with clean air by about a factor of 10 over
the six hour simulation period. The concentration of tracer

M. R., Prevot, A. S. H., Dommen, J., Duplissy, J., Metzger, A.,
Baltensperger, U., and Jimenez, J. L.: O/C and OM/OC Ratios of
Primary, Secondary, and Ambient Organic Aerosols with High-

. . Resolution Time-of-Flight Aerosol Mass Spectrometry, Environ.
species such as CO or BC follows the same profile as the Sci. Technol., 2. 44784485, 2008.

if‘er.t POA. The OA concentratipn in the non_.reaCtive (parti- An, W. J., Pathak, R. K., Lee, B., and Pandis, S. N.: Aerosol volatil-
“9”',”9 only) case falls more qu'CKIy than the 'ne_rt Species as ity measurement using an improved thermodenuder: Applica-
dilution causes some of the semivolatile material to evapo- jon to secondary organic aerosol, J. Aerosol. Sci., 38, 305314,
rate. Finally, the partitioning plus aging scenario shows that 2007,

dilution-driven evaporation initially causes the OA concen- Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols
tration to decrease relative to the inert case, but within an from biomass burning, Global Biogeochem. Cy., 15, 955-966,

hour of emission this decrease has been more than offset by 2001.

photochemical production of new OA.

Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G.

The magnitude of these changes can be better understood P-» LOng0, K. M., and Silva-Dias, M. A. F=.. Smoking rain clouds

by comparing the time series of concentration ratios plotted
in Fig. 8b. Concentration ratios with inert species such as C

are frequently used to correct for dilution in fire plume stud-
ies. Relative to an inert tracer, dilution-driven evaporation of

over the Amazon, Science, 303, 1337-1342, 2004.
ond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M., Woo, J. H.,
and Klimont, Z.: A technology-based global inventory of black
and organic carbon emissions from combustion, J. Geophys.
Res.-Atmos., 109, D14203, doi:14210.11029/12003JD003697,

the non-reactive semivolatile species reduces OA concentra- g4,
tions by about a factor of 2. However, coupled dilution and canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Al-

aging causes the OA levels to increase by about a factor of 2

relative to an inert species. This increase is roughly equiv-
alent to that observed in our chamber experiments without
any dilution and similar to the OA enhancements observed
in real fire plumes (Reid et al., 2005). Therefore, the model
predicts dilution-driven evaporation of particle-phase SVOC
is more than offset by the oxidation-driven formation of less-
volatile material which then partitions into the particle-phase.
In fact, dilution actually shifts the primary-secondary split

farra, M. R., Zhang, Q., Onasch, T. B., Drewnick, F., Coe, H.,
Middlebrook, A., Delia, A., Williams, L. R., Trimborn, A. M.,
Northway, M. J., DeCarlo, P. F., Kolb, C. E., Davidovits, P., and
Worsnop, D. R.: Chemical and microphysical characterization
of ambient aerosols with the aerodyne aerosol mass spectrome-
ter, Mass Spectrom. Rev., 26, 185-222, 2007.

Carter, W., Cocker, D., Fitz, D., Malkina, |., Bumiller, K., Sauer,

C., Pisano, J., Bufalino, C., and Song, C.: A new environmental
chamber for evaluation of gas-phase chemical mechanisms and
secondary aerosol formation, Atmos. Environ., 39, 7768—7788,

more towards SOA because dilution causes some of the POA 5qq5.
to evaporate and increases the concentrations of low volatilchristian, T. J., Kleiss, B., Yokelson, R. J., Holzinger, R., Crutzen,

ity vapors which are then oxidized to form new OA.
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