Atmos. Chem. Phys., 15, 6323-6335, 2015
www.atmos-chem-phys.net/15/6323/2015/
doi:10.5194/acp-15-6323-2015

© Author(s) 2015. CC Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Observations and analysis of organic aerosol evolution in some

prescribed fire smoke plumes

q FHx
'

A. A. Mayl™ T. Leel™, G. R. McMeeking
S. M. Kreidenweis®

, S. Akagi?, A. P. Sullivan!, S. Urbanski®, R. J. Yokelson?, and

1Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA

2Department of Chemistry, University of Montana, Missoula, MT, USA

3Missoula Fire Sciences Laboratory, Rocky Mountain Research Station, US Forest Service, Missoula, MT, USA

“now at: Department of Civil, Environmental and Geodetic Engineering, The Ohio State University, Columbus, OH, USA
“*now at: Department of Environmental Science, Hankuk University of Foreign Studies, Yongin, Korea

Kok

now at: Droplet Measurement Technologies, Boulder, CO, USA

Correspondence to: A. A. May (may.561@osu.edu) and S. M. Kreidenweis (sonia@atmos.colostate.edu)

Received: 12 December 2014 — Published in Atmos. Chem. Phys. Discuss.: 21 January 2015
Revised: 11 May 2015 — Accepted: 12 May 2015 — Published: 11 June 2015

Abstract. Open biomass burning is a significant source of
primary air pollutants such as particulate matter (PM) and
non-methane organic gases (NMOG). However, the physical
and chemical atmospheric processing of these emissions dur-
ing transport is poorly understood. Atmospheric transforma-
tions of biomass burning emissions have been investigated
in environmental chambers, but there have been limited op-
portunities to investigate these transformations in the atmo-
sphere. In this study, we deployed a suite of real-time in-
strumentation on a Twin Otter aircraft to sample smoke from
prescribed fires in South Carolina, conducting measurements
at both the source and downwind to characterize smoke evo-
lution with atmospheric aging. Organic aerosol (OA) within
the smoke plumes was quantified using an aerosol mass spec-
trometer (AMS); refractory black carbon (rBC) was quan-
tified using a single-particle soot photometer, and carbon
monoxide (CO) and carbon dioxide (CO;) were measured
using a cavity ring-down spectrometer. During the two fires
for which we were able to obtain aerosol aging data, normal-
ized excess mixing ratios and “export factors” of conserved
species (rBC, CO, COy) suggested that changes in emissions
at the source did not account for most of the differences
observed in samples of increasing age. An investigation of
AMS mass fragments indicated that the in-plume fractional
contribution (f,,./;) to OA of the primary fragment (1/z 60)
decreased downwind, while the fractional contribution of the
secondary fragment (m/z 44) increased. Increases in fs4 are

typically interpreted as indicating chemical aging of OA.
Likewise, we observed an increase in the O : C elemental ra-
tio downwind, which is usually associated with aerosol ag-
ing. However, the rapid mixing of these plumes into the back-
ground air suggests that these chemical transformations may
be attributable to the different volatilities of the compounds
that fragment to these m/z in the AMS. The gas—particle par-
titioning behavior of the bulk OA observed during the study
was consistent with the predictions from a parameterization
developed for open biomass burning emissions in the labo-
ratory. Furthermore, we observed no statistically significant
increase in total organic mass with atmospheric transport.
Hence, our results suggest that dilution-driven evaporation
likely dominated over the chemical production of secondary
organic aerosol (SOA) within our smoke plumes, presumably
due to the fast dilution and limited aging times (< ~ 5 h) that
we could sample.

1 Introduction

Open biomass burning is estimated to be the largest con-
tributor to atmospheric fine carbonaceous particulate matter
(PM) (Bond et al., 2013) and the second largest contribu-
tor to atmospheric non-methane organic gases (NMOG) on
a global scale (Akagi et al., 2011). Substantial research has
been focused on characterizing gas- and particle-phase pri-
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mary emissions from biomass burning and the development
of emission inventories (Akagi et al., 2011; Burling et al.,
2010, 2011; Christian et al., 2003; Hosseini et al., 2013; May
et al., 2014; McMeeking et al., 2009; Reid et al., 2005; Ur-
banski, 2013; Urbanski et al., 2011; Watson et al., 2011; van
der Werf et al., 2010; Wiedinmyer et al., 2006, 2011; Yokel-
son et al., 2013). These emissions are ultimately integrated
into chemical transport models used to predict regional air
quality and global climate impacts.

Organic aerosol (OA) species represent the major com-
ponent by mass in the submicron carbonaceous PM emitted
from fires (May et al., 2014; McMeeking et al., 2009; Reid
et al., 2005). In general, the physical and chemical evolu-
tion of biomass-burning-derived OA in the atmosphere af-
ter emission is poorly understood, in part because OA is
a “metastable intermediate” (Donahue et al., 2013). Since
OA consists of thousands of species with a spectrum of
temperature-dependent saturation vapor pressures, the por-
tion of OA that is observable as PM varies with dilution and
with atmospheric temperature. Further, many of the species
comprising OA have been shown to undergo oxidation reac-
tions, forming secondary products with their own range of
volatilities. In field studies, OA in biomass burning plumes
has been observed to be enhanced, be depleted, or remain
constant with time after emission (Akagi et al., 2012; Capes
et al., 2008; Cubison et al., 2011; DeCarlo et al., 2008; Jol-
leys et al., 2012, 2015; Vakkari et al., 2014; Yokelson et al.,
2009), but due to the complexities described above, the at-
tribution of these transformations to specific physical and
chemical processes is difficult (Heilman et al., 2014).

Laboratory studies have been conducted to attempt to sep-
arate these processes for biomass-burning-derived OA. As
part of the third Fire Lab at Missoula Experiment (FLAME-
I11), May et al. (2013) derived a volatility distribution and
related thermodynamic parameters representative of the pri-
mary emissions from all of the biomass fuels studied. In that
same study, Hennigan et al. (2011) and Ortega et al. (2013)
investigated chemical transformations of the emissions using
an environmental chamber and an oxidative flow reactor, re-
spectively. Results from these experiments demonstrated that
the OA mass can be enhanced, depleted, or remain roughly
constant with oxidation, similar to field measurements, yet
the OA always became apparently more oxidized with pho-
tochemical aging, as interpreted from the organic mass frag-
ments measured via online aerosol mass spectrometry.

In this work, we report and interpret observations from
the South Carolina fiRe Emissions And Measurements
(SCREAM) campaign conducted in October—November
2011 (Akagi et al., 2013, 2014; May et al., 2014; Sullivan et
al., 2014). The objectives of SCREAM were to (1) simulate
moderately intense wildfires by conducting prescribed burns
at sites with high fuel loadings, (2) characterize the emis-
sions and develop estimates of emission factors and emis-
sion ratios from both ground- and aircraft-based sampling,
and (3) sample plumes downwind as they evolved during
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atmospheric transport. We also sampled fires of opportu-
nity during the study. The SCREAM campaign combined si-
multaneous aircraft-based online measurements of refractory
black carbon (rBC), time-resolved non-refractory submicron
PM measurements (including OA), and time-resolved water-
soluble organic carbon (WSOC) and levoglucosan (LEV)
measurements in addition to a suite of gas-phase compounds.
Companion papers have reported airborne trace gas emis-
sions (Akagi et al., 2013), ground-based trace gas emissions
(Akagi et al., 2014), airborne WSOC and smoke marker
emissions (Sullivan et al., 2014), and airborne primary PM
emissions (May et al., 2014). This paper focuses on airborne
observations of the OA mass concentrations and composition
near the source and the transformations of OA mass concen-
tration and composition during the first hours of atmospheric
transport.

2 Methods

Emissions from five of the seven fires sampled during
SCREAM are discussed in this paper. Details including fuel
type, area burned, meteorology, and stand history were pro-
vided by Akagi et al. (2013) and are summarized briefly here.
Two of the burns were conducted on the Fort Jackson (FJ)
army base (located northeast of Columbia, SC) in Blocks 9b
(FJ 9b; 34°0'15” N, 80°52'37” W; 1 November 2011) and
22b (FJ 22b; 34°5'4” N, 80°52'16” W; 2 November 2011).
These burns occurred in older stands that had not been treated
for a number of years and were intended to simulate wild-
fires. Fuel inventories indicated that the vegetation was com-
prised primarily of mature longleaf pine (Pinus palustris)
and loblolly pine (Pinus taeda) with some contributions from
turkey oak (Quercus laevis Walter) and farkleberry (Vac-
cinium arboretum Marsh.). Complementary ground-based
measurements of emissions from the FJ burns were reported
by Akagi et al. (2014). The three other sampled fires were
designated Georgetown (33°12'9” N, 79°24’6” W; 7 Novem-
ber 2011), Francis Marion (33°12’55” N, 79°28'34” W,
8 November 2011), and Bamberg (33°14'5” N, 80°56'41" W,
10 November 2011), based on the location in SC where the
fire occurred. Georgetown and Francis Marion were located
in coastal SC, likely burning coastal grasses and longleaf
pine understory, respectively, a conclusion which is based
on in-flight observations. The Bamberg fire, located roughly
80 km due south of the Fort Jackson site in inland SC, was
likely comprised of multiple fuel types, including longleaf
and loblolly pine understory as well as marsh grasses, as in-
dicated by smoke marker ratio measurements reported in Sul-
livan et al. (2014).

2.1 Sample collection

Smoke plumes during SCREAM were sampled via airborne
measurements onboard a United States Forest Service DHC-
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Figure 1. Flight tracks colored by (a) total OA concentration
and (b) excess OA concentration. Due to the log scaling of
intercept-averaged concentrations, the minimum value in (b) is set
to 0.1pg m—3. Removing the background OA elucidates distinct
plume transport to the southwest.

6 Twin Otter aircraft. Sampling strategies and flight tracks
are described in prior literature from the SCREAM study
(Akagi et al., 2013; May et al., 2014; Sullivan et al., 2014).
Fires were initiated in midmorning, and the aircraft initially
sampled the emissions near the source. Following the source
characterization period, the downwind plume was sampled
to investigate the effect of chemical and physical aging
during atmospheric transport. For consistency with May et
al. (2014), we defined “near-source” samples as those col-
lected within 5 km of the fire (always less than 30 min of ag-
ing, but most of the smoke had an age < 10 min based on av-
erage ambient wind speed), while downwind samples were
those collected at distances greater than 5 km. During flights,
there were also periods of out-of-plume (i.e., background)
sampling to establish time-dependent background concentra-
tions of the species that were quantified in the plume.

The flight path for the FJ 9b burn is provided in Fig. 1
as one example. Figure la provides the total (i.e., not
background-corrected) OA mass concentration (Coa), Which
was typically between 3-7pgm—2 (average = 4.6 ugm—3)
outside of the plume throughout the sampling domain, with
the exception of higher concentrations attributable to the
smoke plume. Correcting the data for the background OA
results in Fig. 1b; here, the plume transport is more distinct.

The first 1-2 h of flight time was typically spent sampling
near the source at ~ 100-600 m altitude. Following this char-
acterization period, it was possible to sample smoke down-
wind with 1-2h of atmospheric aging, so we then alter-
nated downwind cross-plume samples with occasional addi-
tional source sampling. A challenge was that emissions were
rapidly diluted and mixed within the boundary layer, and the
plumes did not penetrate into the free troposphere, so visual
tracking of the plumes was challenging. In fact, the flight
path was guided via consultation with real-time instrument
output, which enabled the identification of plume center and
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extent as well as the marking of way points. Furthermore, the
plume from the FJ 22b fire entered restricted air space near
Columbia, SC, so it was only possible to follow this plume
for a short distance from the point of emission.

Downwind, the Twin Otter typically flew at altitudes be-
tween 500 and 1500 m, but not with sufficient detail to de-
velop vertical profiles. All data, regardless of sampling alti-
tude (or latitude and longitude), are categorized as “within
the plume” or “outside of the plume” along with the addi-
tional distinction of “estimated time since emission” (please
refer to Sect. 2.3.1).

2.2 Instrumentation

The instrumentation installed on the Twin Otter used to char-
acterize emissions included a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-AMS; Aerodyne Re-
search, Inc.), a single-particle soot photometer (SP2; Droplet
Measurement Technologies, Inc.), a cavity ring-down spec-
trometer (CRDS; Picarro G2401; Picarro, Inc.), an airborne
Fourier-transform infrared spectrometer (AFTIR), a particle-
into-liquid sampler/total organic carbon and fraction col-
lector system (Sullivan et al., 2014), and an aircraft inte-
grated meteorological measuring system (AIMMS-20) probe
(Aventech Research, Inc.). The AIMMS-20 provided meteo-
rological data such as three-dimensional wind vectors, three-
dimensional position of the aircraft (i.e., latitude, longitude,
and altitude), ambient temperature, and ambient relative hu-
midity. All sampling was conducted from a low-turbulence
inlet (Wilson et al., 2004) followed by a nonrotating micro-
orifice uniform deposit impactor (MOUDI; Marple et al.,
1991). The MOUDI was operated such that it served as a
PM; selector (i.e., having 50% particle transmission effi-
ciency for particulate matter of 1 um aerodynamic diameter
with a sharpness of 1.08 — particles less than roughly 900 nm
will be transmitted with 100 % efficiency). All data were ad-
justed to the same timestamp via the alignment of peaks (thus
accounting for differences in both instrument clocks and in-
strument response times), which we referenced to the HR-
ToF-AMS.

2.2.1 Aerosol mass spectrometer

The HR-ToF-AMS (hereafter AMS) characterizes non-
refractory submicron aerosol by focusing sampled particles
through an aerodynamic lens, collecting particles on a ther-
mal vaporizer, ionizing the vaporized particles via electron
impaction, and detecting ions (m/z) in the high-resolution
time-of-flight mass spectrometer (DeCarlo et al., 2006). Us-
ing the ToF-AMS data analysis toolkit SQUIRREL/PIKA
(SeQUential Igor data RetRiEvaL/Peak Integration by Key
Analysis; Sueper et al., 2013), aerosol mass concentrations
can be reconstructed from the m /z signal; for this study, we
fit HR peaks for m /z < 200. These concentrations are depen-
dent on instrument parameters (e.g., ionization efficiency and
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vaporizer collection efficiency). lonization efficiency calibra-
tions were performed with 350 nm ammonium nitrate par-
ticles throughout the campaign, with values ranging from
1.83 x 10~ to 2.91 x 10~" ions molecule~t. Composition-
dependent collection efficiencies were calculated following
the algorithm of Middlebrook et al. (2012), which is now
built into the SQUIRREL software, for each AMS sample
and ranged from roughly 0.5 to 0.9, with a campaign-average
value of 0.53. We report AMS-derived emissions data of ni-
trate, sulfate, ammonium, and chloride elsewhere (May et al.,
2014). As stated in May et al. (2014), our results are poten-
tially biased by up to a factor of 2 due to the inherent uncer-
tainty in our estimation of CE.

The AMS was mounted into National Center for Atmo-
spheric Research GV-type aircraft racks with a pressure-
controlled inlet to reduce fluctuations in the pressure within
the aerodynamic lens (Bahreini et al., 2008). During opera-
tion, data were exclusively collected using the “V-mode” of
the ion time of flight within the mass spectrometer; since no
particle time-of-flight data were collected, no size-resolved
information is available. AMS data were typically collected
with a time resolution of 6s (corresponding to a flight dis-
tance of roughly 250-300 m).

While we obtained simultaneous measurements of gas-
phase CO,, we utilized the standard correction in the frag-
mentation table from Allan et al. (2004), rather than ex-
plicit corrections for CO, to account for differences within
and without the plume. The AMS samples particles roughly
107 times more efficiently than the gas phase. We estimate
that, on average, our plume OA concentrations are posi-
tively biased by 0.0044 4+0.0019% (both near the source
and downwind), our background OA concentrations are pos-
itively biased by 0.025 + 0.021 %, and our m/z 44 measure-
ments are positively biased by 0.20 +0.11 %, all based on
colocated gas-phase CO, measurements. Consequently, we
deemed this correction unnecessary as this interference rep-
resents < 0.5 % of our reported values.

2.2.2 Single-particle soot photometer

The SP2 provides operationally defined rBC mass concentra-
tions via laser-induced incandescence (Stephens et al., 2003;
Schwarz et al., 2006). Absorbing material present in particles
is heated to its vaporization temperature and emits radiation,
which is measured by optical detectors. This approach re-
moves uncertainties due to interferences of artifacts that have
been observed during filter-based approaches (Kirchstetter et
al., 2004) and excludes the influence of “brown” carbon that
can bias optical absorption methods (Andreae and Gelenc-
sér, 2006; Lack et al., 2012), although it has been shown that
the method responds to some metals. Signal is related to rBC
mass via calibration procedures; during SCREAM, calibra-
tions were performed using fullerene soot. Generally, rBC
mass concentrations were recorded every 6, similar to the
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AMS. Additional details related to the SP2 operation during
this campaign can be found in May et al. (2014).

2.2.3 Cavity ring-down spectrometer

A Picarro G2401 provided 0.5Hz measurements of COg,
CO, CHg, and H20, which are the major gas-phase emissions
from combustion sources. The CRDS was calibrated in-flight
using mixed standards of CO;, CO, and CH4 and procedures
similar to those described by Urbanski (2013). These data
were applied to calculate emission ratios and emission fac-
tors of particle-phase species, as described below.

2.3 Data processing
2.3.1 Plume identification and age

As discussed previously, visual plume identification was
challenging. Positive downwind plume intercepts were con-
firmed through simultaneous spikes in measured values of
OA, rBC, and CO. These confirmed intercepts were corrobo-
rated by simultaneous increases in smoke markers (Sullivan
et al., 2014) and trace gases (Akagi et al., 2013). Intercept-
averaged concentrations for each transect were derived by in-
tegrating the excess area (above background) under the data
time series curves and dividing by the elapsed time in the
window of integration.

Sample ages (times since emission) were estimated using
the distance from the source and average wind speed. Dis-
tance from the source was computed using the haversine for-
mula and the spatial coordinates measured by the AIMMS-
20. Mean wind speed was also measured using the AIMMS-
20. Akagi et al. (2013) estimated that this approach has an
uncertainty of roughly 30 %, largely due to uncertainties in
the wind speed data. Due to the plume tracking challenges,
plume intercepts were rarely perfectly perpendicular to the
plume and were often diagonal transects. Thus, a given sam-
ple can be associated with a range of estimated ages. In sub-
sequent figures, we plot the average age of a plume intercept
along with error bars representing the range of ages; in these
figures, we do not include the estimated uncertainty of 30 %
on this range.

In-plume data from all research flights were corrected
for local background concentrations via integration under
the curves in data time series between out-of-plume mea-
surements. The resulting species concentrations are “excess”
concentrations and are denoted by the delta symbol, i.e., AX
is the excess concentration of species X. We show back-
ground values of some parameters in some of the following
figures; these background concentrations represent the me-
dian background concentration for the duration of the given
flight. Sample background-corrected data are provided in
Fig. 1.

www.atmos-chem-phys.net/15/6323/2015/
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2.3.2 Excess emission ratios and emission factors

Normalized excess mixing ratios (NEMR) are often used to
account for transient fire behavior and the dilution and mix-
ing of plumes with background air during transport (e.g.,
Hobbs et al., 2003) and are defined as

AX

NEMRy = —~_
XY= 'ACO’

1)
where AX is the excess concentration of species X, and
ACO is the background-corrected value of CO. Since both
numerator and denominator are excess quantities, uncertain-
ties in their values increase as the plume dilutes and in-
plume concentrations approach the background concentra-
tions. Here, we report plume-integrated NEMRy for each
plume interception, so our values differ from the “fire-
integrated” values (based on a consideration of all the plume
intercepts) reported in May et al. (2014). NEMRy are re-
ported here in units of ug m~3 ppmv~1 CO; this value can be
converted to a mass mixing ratio (e.g., gg~* CO) by multi-
plying by a factor of 8.7 x 10~4 ppmv CO (ugCOm—3)~1,
Strictly speaking, NEMRy is a misnomer for aerosol mass
concentrations, but we utilize this terminology for consis-
tency with the vast body of prior literature.

Time series of instantaneous NEMRy provide informa-
tion on transient smoke behavior (Jolleys et al., 2014). By
associating instantaneous NEMR x with time since emission,
physicochemical transformations can be investigated, since
NEMRjy accounts for dilution and thus should be constant
with time in the absence of sources or sinks of the species
X or changes in the initial emissions. The net formation of
secondary organic aerosol (SOA) in smoke plumes can be
inferred from an increase in NEMRopa with distance down-
wind (Yokelson et al., 2009). On the other hand, since the
OA emitted from biomass burning sources is semi-volatile,
the net evaporation of particle-phase mass as dilution pro-
ceeds would appear as a decrease in NEMRpa (Akagi et al.,
2012).

Emission factors (EFs) are widely used descriptors of fire
emissions (Ward and Radke, 1993; Andreae and Merlet,
2001). Their calculation relates the mass of X emitted (M)
to the mass of dry fuel consumed (Msyel). In cases where the
mass of fuel consumed is unknown, a carbon mass balance
approach can be applied, which relates the change in the con-
centration of X relative to the background (AX; pgm=3) to
the excess carbon concentrations (i.e., background-corrected
concentrations that have been converted to mgCm—3) of
COg, CO, total organic gases (TOG = CH4 + NMOG), and
carbonaceous PM (PMc):

Mx AX

EFy = =
X~ M ACO,+ ACO+ ATOG + APMc

fe. (@)

In Eq. (2), the term f is a conversion factor representing fuel
carbon content. Since we lack detailed fuel information, we
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assume that fc =0.50, roughly the average fuel carbon con-
tent of southeastern (SE) US coastal plain biomass fuels re-
ported in laboratory studies (Burling et al., 2010; May et al.,
2014; McMeeking et al., 2009). For convenience and since
ATOG and APM¢ « (ACO2+ACO), we approximate EFx
neglecting both ATOG and APMc, which results in an over-
estimate of EFy by ~3-5% (Yokelson et al., 2013). Like
NEMRy, EFsx are based on excess concentrations and ac-
count for dilution, but if an “emission factor” is computed
with downwind data, the value obtained reflects changes in
the initial emission factor plus the effect of any sources or
sinks of the originally emitted species X. Hereafter, we will
refer to downwind “emission factors” as “export factors” but
will continue to use the abbreviation EF x, with export factors
also being calculated from Eq. (2); the main distinction is that
an export factor describes X downwind from the source, and
thus may be subject to both changes in the emissions as the
fire burns and atmospheric transformations. We report EFx
as grams or milligrams kg2 dry fuel.

3 Results and discussion

During the study, only two fires provided adequate down-
wind aerosol data to allow us to investigate in-plume aerosol
physicochemical transformations: the FJ 9b fire and the Fran-
cis Marion fire. As mentioned earlier, the plume from the
FJ 22b fire entered restricted airspace and could not be pur-
sued. Further, the Georgetown fire was a small fire whose
plume rapidly mixed with the background, so downwind
AOA was small and uncertain; the Bamberg samples repre-
sented two distinct fuel types as shown elsewhere (May et al.,
2014; Sullivan et al., 2014), making it difficult to distinguish
aerosol transformations during transport from differences in
the sources.

In Fig. 2, we present composition data versus estimated
time since emission for the NEMR or EF for four major com-
ponents present in the biomass burning smoke sampled for
the FJ 9b fire: OA (NEMRpa; Fig. 2a), rBC (NEMRgc;
Fig. 2b), CO (EFco; Fig. 2c), and CO, (EFco,; Fig. 2d).
Data near the source are presented as box-and-whisker plots
(25th—75th and 10th—90th percentiles); these data were col-
lected during roughly 2.5h of sampling during which the
modified combustion efficiency (MCE) (Ward and Radke,
1993) varied between 0.900 and 0.930, which explains some
of the variability in the data. Data up to 5h downwind were
obtained and are shown as open symbols. For downwind
samples, vertical errors bars represent estimated measure-
ment uncertainties, while horizontal error bars represent the
range of estimated plume ages for non-perpendicular plume
transects; horizontal error bars do not account for the es-
timated 30% measurement uncertainty in wind speed. To
assess whether differences near the source and downwind
are statistically significant, we conducted unpaired ¢ tests.
When the corresponding two-tailed p value < 0.05, we con-
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Figure 2. Near-source and downwind data collected during the FJ
9b prescribed fire. (a) The ratio of excess OA to CO; (b) the ra-
tio of excess rBC to CO; c) emission or export factor for CO;
and (d) emission or export factor of CO,. Near-source data are
represented by box-and-whisker plots (boxes: 25th and 75th per-
centiles; whiskers: 10th and 90th percentiles; horizontal lines: me-
dian), while downwind data are represented by markers. Error bars
associated with the markers indicate range of estimated time since
emission (x direction) and measurement uncertainty (y direction).
Error bars in x direction do not account for estimated 30 % accuracy
of wind speed.

sider the results to be significantly different; conversely, if
the p value > 0.05, we infer that there is no significant dif-
ference.

We expect rBC, CO, and CO; to be conserved with trans-
port since they are stable in the atmosphere on the timescales
considered here. Indeed, unpaired ¢ tests for the data shown
in Fig. 2b—d indicate that there was no significant differ-
ence in the average value of these species at the source and
downwind (two-tailed p values > 0.13). Differences in mean
downwind EFs are attributable to measurement uncertainties,
including the identification of the plume edges, and variabil-
ity in the combustion at the source. Fitting an exponential
decay with distance from the source of the absolute mixing
ratios of CO and CO», we infer an average mixing rate (the
inverse of the dilution timescale, or the time to decay by 1/¢)
of 1.6 h~! during the FJ 9b experiment.

Since OA is reactive and semi-volatile, it is perhaps not
surprising that the downwind NEMRpa over 2-5h of atmo-
spheric aging is significantly lower than the NEMRgg at the
source (Fig. 2a; two-tailed p value =0.015), suggesting a
net loss of emitted OA via evaporation and/or reaction. As
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Figure 3. As in Fig. 2, but for the Francis Marion prescribed fire.

demonstrated by Akagi et al. (2013), the smoke plume was
photochemically active, as is evident from enhancements of
ozone and formaldehyde relative to the source.

Figure 3 is identical to Fig. 2 but represents the Francis
Marion burn, the only other case with downwind aerosol
measurements adequate to assess aging (here, up to 1.5 h af-
ter emission). Akagi et al. (2013) inferred that photochemi-
cal processing was occurring in the Francis Marion plume,
based on observed downwind enhancements of ozone and
formaldehyde relative to the source. However, unlike the FJ
9b fire, none of the computed downwind NEMR and EF
shown in Fig. 3 were significantly different from the source
(all two-tailed p values > 0.32). The background OA con-
centrations, which we assume contribute to gas—particle par-
titioning of the OA emitted by the fire through the presence
of additional absorptive material, were roughly 50 % greater
during the Francis Marion fire compared to the FJ 9b fire;
furthermore, the mixing rate was 20 % slower for the Francis
Marion plume (1.3h~1), and the plume aging was observed
over a much shorter time period. These factors would slow
the evaporation of emitted OA and limit the time over which
chemical transformations could occur and be observed. In-
deed, over the first 1.5h after emission, the data for FJ 9b
shown in Fig. 2 also indicated no statistically significant
change in NEMRoa.

3.1 Chemical transformations of organic aerosol
In this section, we investigate chemical transformations of

the organic aerosol using two approaches for both fires with
adequate downwind data: the FJ 9b and Francis Marion
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Figure 4. Evolution of background-corrected AMS mass fractions.
(a) A fgo for the FJ 9b fire; (b) A fa4 for the FJ 9b fire; (¢) A fgo
for the Francis Marion fire; (d) A fa4 for the Francis Marion fire. In
all panels, there is a statistically significant difference between data
collected near the source and downwind. Box-and-whisker plots
and markers are used in the same way as those in Figs. 2 and 3.

burns. These include fragment evolution (Fig. 4) and elemen-
tal ratio analyses (Fig. 5).

Both Ng et al. (2010) and Morgan et al. (2010) demon-
strated that “fresh” OA in ambient samples can be distin-
guished by organic fragment signatures in the mass spectra
(e.9., C3H7 at m/z43), while “aged” OA is more highly
oxidized and can be distinguished by a strong contribu-
tion of CO} (m/z44). The fractional contributions of each
of these fragments to the total OA concentration (e.g.,
faa = Ca4 / Con, Where Caq is the mass concentration of par-
ticulate CO;, which is likely due to decarboxylation on the
vaporizer surface rather than CO, molecules being present
in the aerosol sample) change with atmospheric aging: fs3 is
expected to decrease and fa4 to increase.

However, neither Ng et al. (2010) nor Morgan et al. (2010)
directly considered the influence of biomass burning. Cubi-
son et al. (2011) and Ortega et al. (2013) modified the ap-
proach and compared fgo and fa4 to infer the photochemi-
cal aging of biomass-burning-derived OA. Levoglucosan and
other anhydrosugars are pyrolysis products of cellulose and
thus are used as molecular markers for biomass burning
emissions (Simoneit et al., 1999; Sullivan et al., 2008); these
compounds contribute to AMS spectra at m/z 60 (C; H4O§r)
(Alfarra et al., 2007; Lee et al., 2010). May et al. (2012) and
references therein demonstrated that levoglucosan is semi-
volatile at ambient conditions. Furthermore, Hennigan et
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Figure 5. Evolution of elemental ratios derived from AMS data.
(a) O: C for the FJ 9b fire; (b) H: C for the FJ 9b fire; (c) O: C for
the Francis Marion fire; (d) H: C for the Francis Marion fire. For
both fires, changes in O:C with increasing estimated time since
emission are statistically significant. Dashed line is the value of the
parameter in the background measurements outside of plume pen-
etrations. Box-and-whisker plots and markers are used in the same
way as those in Figs. 2 and 3.

al. (2010) demonstrated that levoglucosan is reactive and
chemically decays in a similar way to the hydrocarbon-
like (m/z 43) fragments. Thus, fso may change due to both
dilution-driven evaporation and photooxidation processes if
these findings for levoglucosan are extrapolated to all con-
tributing species at m /z 60.

In Fig. 4, we present excess fso (A fso) and excess fa4
(A faq) for the FJ 9b and Francis Marion fires. These ex-
cess fragment fractional contributions were computed from
background-corrected m /z 60 or m /z 44 mass concentrations
by dividing those excess concentration by AOA. Thus, as
the plume dilutes and becomes less distinguishable from the
background, A fgo and A fa4 should remain constant if nei-
ther preferentially evaporates, reacts, or accumulates within
the plume. For the FJ 9b fire, the source—downwind differ-
ences for both A fgo (Fig. 4a) and A fa4 (Fig. 4b) are statisti-
cally significant (two-tailed p value < 0.0001). For the Fran-
cis Marion fire, A fgo (Fig. 4c) is significantly lower down-
wind than at the source (two-tailed p value < 0.0001), while
A faa (Fig. 4d) is significantly higher downwind than at the
source (two-tailed p value =0.029). The result for A fgo is
consistent with Fig. 2a; that is, the decrease in A fgo down-
wind during the FJ 9b fire reflects the decrease in NEMRoa.
An observed decrease in A fgo with no decrease in OA con-
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centration during the Francis Marion fire may be related to
chemical reactions of compounds that fragment to n2/z 60 or
to differences in the volatility of these compounds compared
to the bulk OA. The mechanistic driver of all transformations
will be explored below.

The increase in A faa with plume age for both fires indi-
cates a compositional change toward increasing mass frac-
tional contributions from molecules that fragment to COJ . If
only dilution (and hence, evaporation) was occurring in the
plumes as they moved downwind, A fa4 should be conserved,
provided its parent’s volatility is similar to that of the bulk of
the emitted OA. The observed increase in CO; in these pho-
tochemically active environments may indicate that produc-
tion of SOA occurred within the plumes, although there were
no statistically significant increases in the measured down-
wind NEMRgoa, as also found in some previous field studies
(e.g., Capes et al., 2008; Cubison et al., 2011). On the other
hand, this increase could also indicate that the species frag-
menting to m/z 44 are relatively less volatile than the bulk
OA that evaporates during transport and dilution.

Prior work investigating chemically resolved volatility has
demonstrated that the evaporation of bulk OA can result in a
relative increase in m/z 44 and a relative decrease in m/z 60.
Huffman et al. (2009a) demonstrated for ambient samples
in two different megacities that, at a given temperature in a
thermodenuder, m/z 60 evaporated to a greater extent than
the bulk OA, while m/z 44 evaporated to a lesser extent than
the bulk OA. While heating OA is technically not the same as
diluting OA, the response of OA to increased temperature is
analogous to the response of OA to increased dilution. Fur-
thermore, Collier and Zhang (2013) demonstrated that fa4
increased with decreasing Coa for vehicle test data in the
absence of chemistry and hypothesized that this observation
was attributable to preferential evaporation of less-oxidized
OA species. Thus, the observed changes during SCREAM
in A faq and A fgo may be due, at least in part, to physical
changes occurring as some of the emitted OA is volatilized
upon dilution with ambient air.

A second framework for tracking the chemical evolution
of OA was suggested by Heald et al. (2010), who proposed
the use of elemental ratios (hydrogen to carbon, H:C, and
oxygen to carbon, O: C) to describe the photochemical ag-
ing of OA. Similar to the fragment evolution, with increas-
ing OH exposure, H:C is expected to decrease (e.g., due
to hydrogen abstraction reactions) and O: C is expected to
increase (e.g., due to oxygen addition to alkyl radicals). In
Fig. 5 we present the evolution of the elemental ratios of
H:C and O: C during atmospheric transport of the biomass
burning plumes from both fires; values for the average back-
ground (i.e., out-of-plume) ratio for each fire are shown as
dotted lines. We assume uncertainties of 31 % for O: C and
109% for H: C, based on Aiken et al. (2008).

For both fires, the average background H:C ratio was
roughly 15 % greater than the H : C at the source; downwind
H : C values were mostly within the source variability. As the
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plumes were transported downwind and mixed with back-
ground OA, we expected H : C to have increased toward the
background values on a 2 to 3h timescale (if it were a con-
served tracer) based on measured dilution rates. The lack of
a clear increase with time since emission in both experiments
suggests either that loss of both H and C occurred in the
plume or increases in C occurred without a corresponding
addition of H that would maintain the H: C observed at the
source. Typically, H: C decreases with increasing oxidation
(Heald et al., 2010).

For O:C, about half the downwind values were higher
than could be explained by measured variability at the
source, and the background OA had O : C within (but at the
lower end of) the range at the source. Dilution with back-
ground air was thus expected to have had little impact on
O:C if O:C were a conserved tracer. Like m/z44, O:C
could have increased with time if photochemical production
and condensation of high O : C species or photochemical ag-
ing of aerosol had occurred (Kroll et al., 2011).

However, the observed decreases in NEMRpa (whether
statistically significant or not) suggest that changes in H: C
and O:C may potentially be induced by a solely physi-
cal process (i.e., if C were lost from the aerosol phase by
preferential evaporation of species that had a lower O:C
than the average observed at the source). In fact, Huff-
man et al. (2009b) demonstrated that O:C increased and
H: C decreased with increasing evaporation of bulk OA in
biomass burning emissions during thermodenuder experi-
ments. Hence, oxidative transformations may be difficult to
differentiate from evaporative transformations.

3.2 Physical transformations of organic aerosol

A net loss of OA due solely to dilution-driven evaporation
may thus be consistent with the observations in Figs. 2-5.
However, we note that we cannot definitively state that no
aerosol chemistry has occurred within the plumes as they
age. In the following, we assume a priori knowledge that
dilution-driven evaporation dominates over chemical pro-
cessing and explore whether the volatility distribution de-
rived by May et al. (2013) for laboratory biomass burning
primary OA can reproduce our airborne observations. If it
can, no oxidative chemistry is required to explain the data,
although it is possible that some occurs.

Simulations representing the process of dilution alone are
presented in Fig. 6, which shows EFpa data (representing the
emission factors near the source and export factors down-
wind) as a function of the total mass concentration of ob-
served organic aerosol (i.e., not background corrected), Coa,
for six flights. Model curves were calculated using the fol-
lowing equation (Donahue et al., 2006; Robinson et al.,
2010):
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Figure 6. Changes in the emission factor of excess OA due to gas—
particle partitioning as a function of total observed OA. (a) Near-
source (circles) and downwind (squares) data for the FJ 9b fire;
(b) near-source (circles) and downwind (squares) data for the Fran-
cis Marion fire; (c) near-source data for the FJ 22b (upward-facing
triangles) and Georgetown (downward-facing triangles) fires; and
(d) near-source data for the two fires attributed to the Bamberg site
(“A”: upward-facing triangles; “B”: downward-facing triangles).
Curves represent predictions using the laboratory parameterization
from May et al. (2013).

C: )—1
EFoa EthZi: fi (1 *oor) 3)
where i represents arbitrarily chosen surrogate compounds
defined by their saturation concentration (C;'; related to sat-
uration vapor pressure through the ideal gas law) and f;
is the mass fraction of each species i relative to the total
emitted organics. The set of f; and C; is referred to as a
volatility distribution. Here, we utilize the volatility distribu-
tion for emissions from open biomass burning that was pro-
posed by May et al. (2013) and which is comprised of surro-
gate compounds representing seven logarithmically spaced
C} bins. Coa represents the total OA concentration (emis-
sions 4 background).

EFiot is the emission factor of total organics (gas + particle
phase) that are constrained by the volatility distribution (here,
all material between C; =3 x 1072 and 3 x 10*pgm—3, so
this is not equivalent to NMOG) and hence contribute to gas—
particle partitioning; EF is likely dominated by biomass-
burning-derived organics but may include background semi-
volatile organic material that can partition into the particle
phase due to the presence of the biomass burning smoke.
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Values of EF; were inferred using Eq. (3) with measured
Coa, calculated EFpa (from Eg. 2), and the volatility dis-
tribution from May et al. (2013) as inputs for each plume
intercept. In Fig. 6, the lines represent predictions based on
the average EFyo inferred for each fire, while the shaded ar-
eas represent + 1 standard deviation in EFy;. Average values
of EFt ranged from roughly 2 g kg~ fuel (Bamberg B) to
12 gkg~1 fuel (FJ 22b); both the FJ 9b and Francis Marion
fires had inferred EFy values of roughly 6 g kg~ fuel. Equa-
tion (3) implies that EFpa (regardless of whether this repre-
sents an emission factor or export factor) decreases with in-
creasing dilution, due to the physical repartitioning of semi-
volatile species.

There are some key assumptions in our use of Eq. (3). We
assume that the gas—particle partitioning of the OA can be de-
scribed using a parameterization derived for laboratory fires,
even though the OA in our samples has originated from pre-
scribed fires in the field and may be enhanced by background
semi-volatile organics. We are also assuming that EFi is
constant in time for a given prescribed fire (i.e., it does not
vary due to source variability, mixing with background air, or
atmospheric chemistry). Finally, we are inherently assuming
that the plume temperature is constant at 298 K, so dilution
is the only process affecting gas—particle partitioning. While
these assumptions are not strictly true, they should not affect
our conclusions significantly on average.

Figure 6a and b provide EFpa calculated near the source
and downwind for the FJ 9b and Francis Marion fires, respec-
tively. Near-source data from the FJ 22b and Georgetown
fires are presented in Fig. 6¢ and from the Bamberg fires in
Fig. 6d. Generally, the near-source data for all fires follow the
expected trend, exhibiting a decrease in EFpa with decreas-
ing total measured (i.e., not background-corrected) Coa, as
would be expected for a semi-volatile tracer with the char-
acteristics summarized by May et al. (2013); variability in
near-source data arises due to proximity to the source and to
the center of the plume as well as the smoke production rate.
Downwind data (only available for Fig. 6a and b) also gener-
ally follow the trend predicted by Eq. (3), suggesting that the
evaporation of emitted OA dominates over any production
and condensation of SOA. Performing a ¢ test on the inferred
EFot for both the FJ 9b and Francis Marion fires indicates
that the differences between near-source and downwind val-
ues are not statistically significant (p value > 0.1), suggest-
ing no observable SOA production from oxidation reactions
(e.g., excess OA has reached equilibrium).

We must note that the predictions in Fig. 6 are based
on a composite volatility distribution that best represented
biomass fuels investigated in the laboratory during the
FLAME-III study, which has been extrapolated to the field
in this study. Also, fire behavior was variable during the sev-
eral hours over which data were collected, as evident in the
ground-based MCE measurements (Akagi et al., 2014); the
emissions of organics has been demonstrated to vary with
MCE (May et al., 2014; McMeeking et al., 2009). All data
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are represented using a single set of model inputs, which does
not account for this variability with MCE. While other fac-
tors probably play a role, these two are likely to be the most
important. Regardless, the differences in OA observed at the
source and downwind for these plumes can be explained by
a simple model of gas—particle partitioning.

4 Conclusions

In this work, we present field observations of the physico-
chemical evolution of the organic aerosol present in biomass
burning plumes from two prescribed fires in South Carolina.
Downwind observations of rBC to CO ratios, emission fac-
tors of CO, and CO>, are not statistically different on average
from those at the source. The downwind ratio of OA to CO
was significantly lower than at the source for the fire that we
were able to follow downwind for up to 5h of atmospheric
aging. The downwind OA to CO ratio was not significantly
different downwind for the other fire, which may be related to
the much shorter observable atmospheric aging time (~ 2 h).

We observed significant differences in downwind ratios
of AMS mass fragments thought to be indicative of fresh
biomass burning emissions (m/z 60, which decreased) and
more oxidized OA species (m/z 44, which increased), con-
sistent with prior reported laboratory photooxidation experi-
ments. While the observed increases in A f34 (and the O:C
ratio) imply the possibility of SOA production within the
plume, these observed changes are also consistent with dif-
ferences in the volatilities of the species fragmenting to
m/z 60 and m/z 44 relative to the bulk OA, resulting in dif-
ferences in evaporation as the plume dilutes into background
air.

Our observations and model simulations suggest that
dilution-driven evaporation out of the particle phase dom-
inated over the condensation of semi-volatile material into
the particle phase over roughly the first 2 h of transport dur-
ing the FJ 9b fire. After this, the OA in the plume reached
an apparent steady state with the background in our obser-
vations, as there is no net change to NEMRoa (i.e., there is
no obvious dilution-driven evaporation or SOA production);
thus, OA transformation can be predicted with a simple gas—
particle partitioning model. For the Francis Marion fire, due
to limited downwind data, we cannot draw a similar conclu-
sion with any certainty. The decrease in NEMRoa for the FJ
9b fire is consistent with results from previous literature (Ak-
agi et al., 2012; Jolleys et al., 2012, 2015); however, other
studies report increases in OA with increasing plume age
(DecCarlo et al., 2008; Vakkari et al., 2014; Yokelson et al.,
2009). The exact cause of this variability in observations is
unclear. These remaining unexplained differences among dif-
ferent field studies highlight the need for additional research
on atmospheric physicochemical transformations of biomass
burning plumes.
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