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ABSTRACT: Biomass burning is a major source of atmospheric

particulate matter (PM) with impacts on health, climate, and air quality. i,n;fsk:hzigle o S;?S'C‘fe

The particles and vapors within biomass burning plumes undergo chemical | vith aging zz:f;‘:‘vt‘;’: o
and physical aging as they are transported downwind. Field measurements O | aging (0:0)

of the evolution of PM with plume age range from net decreases to net o Tncrease ° Inerease
increases, with most showing little to no change. In contrast, laboratory Aged amount g °
studies tend to show significant mass increases on average. On the other Initial amount o 6

hand, similar effects of aging on the average PM composition (e.g., oxygen- °

to-carbon ratio) are reported for lab and field studies. Currently, there is

no consensus on the mechanisms that lead to these observed similarities

and differences. This review summarizes available observations of aging- ~ Decrease Decrease

related biomass burning aerosol mass concentrations and composition
markers, and discusses four broad hypotheses to explain variability within

Field

Lab

Field

Lab

and between field and laboratory campaigns: (1) variability in emissions and chemistry, (2) differences in dilution/entrainment,
(3) losses in chambers and lines, and (4) differences in the timing of the initial measurement, the baseline from which changes
are estimated. We conclude with a concise set of research needs for advancing our understanding of the aging of biomass

burning aerosol.

1. INTRODUCTION

Fires have been part of Earth’s landscape for over 400 million
years," with an estimated annual average of 464 Mha (~3.5%
of Earth’s ice-free land surface) burning each year between
2001 and 2010.> Emissions from biomass burning (BB)
provide a major source of primary particles (aerosols) and
aerosol precursor vapors to the atmosphere.” "? Emissions
include primary carbonaceous aerosols (black carbon (BC)
and primary organic aerosol, POA;>~¥!%13%), inorganic aerosol
species including potassium, chloride, sulfate, and other
inorganic salts and trace minerals;®”'® and inorganic and
organic vapors,”>” ™" all of which undergo chemical and
physical aging as the plume is transported downwind.”"”*° In
this review, we focus on BB emissions from the open-air
combustion of fuels present in wildfires, prescribed fires
(planned fires used for land management), and agricultural
burns, and do not include contained combustion of residential

-4 ACS Publications  © 2019 American Chemical Society

biomass fuels and commercial biofuels. We primarily discuss
daytime aging, as few studies have thus far explicitly studied
nighttime aging of BB emissions.”*>*’

Aerosol derived from BB sources contribute to the total
ambient particulate matter (PM) concentration,”® with
significant implications for climate,*>**™° air quality,”' >
and human health.**"®> BB smoke aerosols impact the climate
directly by absorbing and scattering incoming solar radia-

63,

tion®>** and indirectly by acting as cloud condensation and ice

nuclei, thereby altering cloud properties.”"~® Both of these
effects depend on the particle size, mass, and composition.’*”°

As the climate warms, North American wildfires have increased
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Figure 1. (A) The OA or PM mass enhancement ratio (OAgg or PMgg) and (B) O:Cgg (left y axis; closed symbols) and f,,/fs,, (right y axis; open

symbols) values for each published field campaign that provides both fresh (within 1 reported hour of emission) and aged measurements. The x
axis labels indicate campaign or first-author name; final age as actual/physical (A) or photochemical (P); and number of studies associated with a
campaign in “()”. Photochemical age is the number of hours with an OH exposure of 1.5 X 10° molecules cm™ that equals the same total estimated
OH exposure of the field data. Not all studies provide O:Cgg and fi,/fy,, information. Excluding the SAFARI study (which has two separate

estimates from the same plume), multiple points within a study indicate the range of observations. Studies within gray bars indicate that multiple
fires/plumes are included in the analyses; studies within gray hatched bars indicate that both multiple fires and a single fire was included in the
campaign’s analyses; and studies without bars indicate that a single plume was tracked downwind by aircraft. Each symbol indicates the fuel or
biome type, as given by the publications. WF = wildfire, SV = savannah, AG = agricultural, GL = grassland. The colored circles around OAgy values
indicate burn conditions, where mixed—flaming and smoldering—flaming indicates that a range between mixed and flaming or smoldering to
flaming was reported. Burn conditions were reported in each publication by modified combustion efficiency, ABC/ACO, or visual appearance (SI
Table S1). (C) OAgg and (D) O:Cgyg (left y axis; closed symbols or box-and-whisker) and f,,/fs,, (right y axis; open symbols or box-and-whisker)
for each laboratory campaign that has focused on aging. Each box-and-whisker represents all experiments performed within a study. The x axis

labels indicate campaign name and final photochemical or actual age. The FLAME III OFR data is for the maximum OAgy reported for each burn.
The horizontal dashed gray line at 1 in each panel indicates no change from the initial values with age. The whiskers here and in all other box plots

extend to the last datum greater than Ql-whisker*IQR and less than Q3+whisker*IQR (IQR =

interquartile range, Q3—Ql).

. . . 1,72 .
in frequency, intensity, and area’’> and are predicted to

continue to do so.”*”* Air quality regulations have successfully
decreased PM, 5 concentrations (that is, total mass of particles
2.5 um in diameter and smaller) in the U.S. (EPA, 2018), but
these reductions may be offset in the future by PM, g from
) . 62,75,76

increasing BB sources.

As smoke ages, the mass, composition, and properties of BB
vapors and aerosols evolve due to complex competing chemical
and physical processes.”'”>¥* 739477 The vapors and
particles are composed of many thousands of different
chemical compounds that span a wide range in volatility

- . 78,79
(vapor pressures), reactivity, and other properties.
Volatility governs the partitioning of compounds between
the gas- and particle-phase®*™** and is often reported as the
effective saturation concentration in pg m™> (C*%*). Organic

. . .83
compounds are grouped into volatility categories:
organic compounds (VOCs; C* > ~107), intermediate-
volatility organic compounds (IVOCs, C* ~ 10°-10°),

volatile

10008

semivolatile organic compounds (SVOCs, C* ~ 10°—10%),
low-volatility organic compounds (LVOCs, C* ~ 107°—107"),
and extremely low-volatility organic compounds (ELVOCs, C
< ~107*). With chemical aging within plumes, the volatility of
compounds may decrease, primarily through functionalization
or oligomerization reactions, or increase, primarily through

. 84-87
fragmentation.

Gas-phase compounds that decrease in
volatility may partition to the particle phase through
condensation, creating secondary organic aerosol (SOA) and
adding to aerosol mass. Conversely, semivolatile condensed
compounds may evaporate upon dilution of the smoke plume,
decreasing aerosol mass. These evaporated compounds may
act as SOA precursors that can undergo reactions and
recondense with continued aging of the plume. Recent work
suggests that the time scales for evaporation may vary based on
the particle phase state, and evaporation may also be modified

by particle-phase and surface reactions.*>*’
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BB emissions have been extensively studied through field
measurements and laboratory experiments to understand the
aging of PM mass and composition in BB plumes, as well as to
provide bottom-up estimates of BB PM. However, there is
significant variability in the observed aging within and between
field and laboratory studies. Field campaigns allow for BB
plumes to be characterized in natural settings, but are often
truncated/limited by uncontrollable and variable field con-
ditions. A number of studies have focused on determining OA
evolution by following plumes downwind to track changes in
the gas- and particle-phase as a plume
ages. > /19242072932 73%4577.90 pjrcraft observations tend to
be the dominant measurement platform for characterizing
aging plumes, as aircraft can track plumes in a pseudo-
Lagrangian manner. Some ground sites have also provided
information on plumes that have aged between hours and
days.”'7>**>3' BB laboratory studies have been generally
focused on characterizing emissions and simulating atmos-
pheric chemical aging under controlled conditions (e.g., fixed
fuel/dilution ratios, controlled oxidants).

Laboratory studies provide control over the environmental
and chemical conditions, and can be used to examine the effect
of changing one variable at a time, but face challenges in
recreating the atmospheric conditions of plumes in the field.

Top-down estimates of BB PM also exist that compare
models with bottom up inventories to satellite-based and in
situ measurements, and a low-bias of the model could be
indicative of BB SOA.”'~** However, these discrepancies are
dominated by uncertainties in the emissions inventories,”
which is beyond the scope of this paper.

To date, there are significant knowledge gaps that limit a full
understanding of how field and laboratory observations can be
reconciled. A more complete understanding of the underlying
physics and chemistry could explain the observed variability in
the evolution of BB mass and composition in field and
laboratory experiments. The purpose of this critical review is to
provide an overview of observed changes in PM mass and
composition markers in field and laboratory studies (Section
2), present possible hypotheses for differences between
observations (Section 3), and present research needs for
creating a unified framework on BB aerosol aging (Section 4).

2. OVERVIEW OF OBSERVATIONS

2.1. Field Studies. Figure 1A shows whether OA or PM
mass was observed to increase or decrease with age in field
campaigns. Specifically, ratios of final to initial values of
normalized BB aerosol mass are expressed as the mass
enhancement ratio (ER),

on.  Aoa/aco()
ERAOA/ACO() (1)

(where PM replaces OA in eq 1 for PM mass enhancements)
for published field campaigns on BB aerosol aging. A indicates
the difference between the in-plume and background value of
OA and CO (i.e, the enhancement of these species
concentrations due to BB), f indicates the final available
measurement, and i indicates the first (initial) available
measurement. Values greater than 1 indicate a net increase
in dilution-corrected OA or PM concentrations with aging and
values less than 1 indicate a net decrease. CO is used in BB
studies as an inert tracer for these short-term (hours to a few
days) aging studies to correct for dilution effects, as it has an

atmospheric lifetime on the order of 2 months’® with
negligible impacts from chemical production.”

Figure 1A only includes studies that have both fresh (within
1 h of emission) and aged measurements, and is sequentially
arranged by the final age from youngest (leftmost) to oldest
(rightmost). All studies in Figure 1A provide AOA/ACO from
aerosol mass spectrometer (AMS) instruments except the
SAFARI observations detailed in Hobbs et al.** and the
Vakkari et al.>"** studies (see Supporting Information (SI)).
AMS sensitivities (collection and relative ion efficiencies) have
been shown in some studies to vary with organic oxidation
levels (see SI), but these issues are unlikely to explain
differences between lab and field measurements.

SAFARI™ and the Vakkari studies”*” reported total
excess particulate matter (TPM) and PM;; all other studies
reported OA.

The two published reports from SAMMBA on BB aerosol
aging (one ground—based23 and one aircraft-based”’) both
report no net OAgy

Across field campaigns (Figure 1A), the OAgg (or PMgy)
observations range from increases to no change to decreases in
mass with age, with the median, mean, and interquartile ranges
(IQR) OAgy values at 1, 1.1, and 0.77—1.0, respectively. These
values are much lower than for urban pollution, where OAgy ~
5—10 are often observed with aging, in part due to much
smaller urban POA emissions relative to CO and SOA
precursors.”®”” The primary observable trend in mass across
the campaigns is that, in the few cases where increases in mass
were observed, they occurred at shorter transport ages, with
the oldest observation of a net increase in mass from Vakkari et
al,?* at up to S h old. However, it is unclear if this trend is real
due to a relatively low number of data points along with
variability in fuels, burn conditions, and initial times. No trend
is observed when comparing the age of the earliest measure-
ment (ranging from <10—60 min; SI Table S1) to OAgg.

Figure 1B focuses on OA composition, providing enhance-
ment ratios of oxygen-to-carbon, O:Cgy,

0: C(f)

R N0 @)

and the enhancement ratios of fi4/fso, fya/fs0,
L)
AN, 3)

from AMS observations, when available. An elevated fraction
of the AMS OA spectra at m/z 60, fq, from the fragmentation
of “levoglucosan-like” species (levoglucosan and other
molecules that similarly fragment in the AMS**10%101) s
been shown to be a tracer of BB.* Although fg, decreases
under photochemical aging,"*>'%" it can still remain present at
levels above background on aging time scales of at least 1
day.”® Mass fraction fius can be used as a surrogate for
SOA'™*1% with relative increases in f,, indicative of more
oxidized OA.'”” In recent years, fi,/fs, has been used to
qualitatively explore the amount of oxidative processing of
particles in BB plumes.”***** AMS measurements also provide
the total elemental oxygen and carbon content of the measured
aerosol, with the atomic oxygen/carbon ratio (O:C) shown to
be linearly correlated with f,, in OA."*®'% Thus, increases in
either or both of f,,/fs, and O:C indicate BB OA aging.
Unlike OAgy, all observations except one of composition
increase in O:Cgg and fy/fgo,, (Figure 1B). The median and

f44 / féOER
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IQR O:Cgy values lie at 1.85 and 1.5-2.0; the median and
IQR fi4/feo,, values lie at 3.8 and 2.3—6.7. This increase

indicates that particles are almost always becoming more
oxidized even if OAgpy decreases with age. These values are
similar to urban environments, where the O:Cpr would be
1.2—2.1 for 6—48 h of photochemical aging.''’ However, the
balance of chemical and physical processes affecting OA aging
may differ between urban and BB systems.

The field campaigns in Figure 1A,B fall into two general
study designs: either a single smoke plume is sampled by
aircraft as it travels downwind or multiple plumes are
characterized both at and near the fires’ sources. In the latter
design, characterization of smoke transported downwind from
these fire becomes more complex. In many of these aggregate
(multiple plume) cases, the smoke characterized downwind
was unlikely to be the same smoke that was sampled near the
source, which introduces irreducible uncertainty into plume
intercomparisons.”' >***"'!" No clear trend for mass or
composition appears between the single plume and aggregate
studies.

We have attempted to categorize fires by fuel type and burn
conditions (e.g., flaming, smoldering, or both) in Figure 1A,B,
based on information in existing publications. Burn conditions
are often estimated using (1) the modified combustion
efficiency (MCE = ACO,/(ACO+CO,)"'"?), (2) the ratio of
excess BC to CO, ABC/ACO,’ or (3) the visual appearance of
the fire. We use an MCE cutoff of 0.9, with MCE > 0.9
indicating more flaming, MCE < 0.9 indicating more
smoldering, and MCE around 0.9 indicating a mixture of
flaming and smoldering conditions.” Three studies use ABC/
ACO to classify the burn conditions and we follow their
classifications.”*""** The implications of the burn conditions
and fuel types are discussed in Section 3.1.

The findings from the field campaigns evident in Figure 1A,
B are

o OAgpz and PMgp observations show variability, with
median and mean changes of 1.0 and 1.1, respectively.
All cases with increases in mass occurred at shorter
transport ages (<S h). These ratios are much lower than
that for urban pollution.

e All studies investigating OA composition markers
showed increased oxidation with aging (increasing

O:CER and f44/f50ER)'

2.2. Laboratory Studies. Figure 1C,D details the
aggregate OAgg, O:Cgg, and fi4/fgo,, for each campaign as

box-and-whisker plots (SI Figure S1 provides the same
information for all individual burns). Figure 1C,D includes
results from three studies at the U.S. Forest Service Fire
Science Laboratory (FSL) in Missoula, MT, with specific focus
on BB aging: FLAME III, FLAME IV, and FIREX. These
campaigns provided data from 22 fuel types and eight different
oxidation methods across 84 experiments.'*™"'° FLAME III,
FLAME 1V, and FIREX analyzed agin§ of smoke in Teflon
environmental (“smog”) chambers.">'">'® ELAME III also
performed aging experiments in an oxidation flow reactor
(OFR).""* The residence times within the smog chambers
range between 1 and 6 h, with photochemical ages between 0.3
and 25 equiv hours (assuming OH = 1.5 X 10° molec. cm™ for
all studies except Tkacik et al.'"> which assumed OH =2 x 10°
molec. cm™ and 60 ppb of Os; Figure 1 and SI Figure S2).
The OFR had a residence time of 180 s, with maximum OAgg

values observed at 40—105.6 h (Figure 1 and SI Figure S2).
Further details can be found in the SIL

The laboratory OAgy, values in Figure 1C are mostly >1. The
range of values in the smog-chamber experiments depend on
the assumptions used to correct for particle wall losses (PWL;
details on each study’s PWL methods are included in the SI).
Vapors can either partition with aerosol that have deposited on
the chamber walls (“w = 1”7 case''”) or only partition to
suspended particles (“w = 0” case''”). Figure 1C shows both
box-and-whiskers for both the @ = 1 and @ = 0 cases from the
Henni%an et al.''® Ahern et al,''® and FIREX analyses (Tkacik
et al.'™> only provided the @ = 1 case). As expected, the @ = 0
case yields a slightly lower mass enhancement. For FLAME 1V,
Ahern et al."'® included six fewer experiments than Tkacik et
al.'" and used different final times (eq 1), so caution should
be taken when directly comparing OAgy between the two
studies. None of the data presented were corrected for vapor
wall losses, which is important for determining OAgy in smog
chamber studies,"'®*'? and is discussed in Section 3.3. As the
residence time is short in the OFR and particle losses are
measured to be small, Ortega et al.''* instead reports OAgy
without correcting for potential wall losses.

Despite the variation in both physical and photochemical
ages (Figure 1 and SI Figure S2) and PWL correction methods
between the campaigns, the median, mean, and IQR OAgy
values are generally similar. The median and mean mass
enhancements range between 1.15 and 1.4S and 1.2—1.74,
respectively, and the IQRs range between 1.07 and 2.23
(Figures 1C). The median and mean OAgy for all reported
laboratory data are 1.25 and 1.44, 25% and 30% higher than
the median and mean mass enhancements observed for all
reported field data. Further, the IQR for the field data is 0.76—
1.3 and 1.1—-1.54 for the laboratory data, indicating that the
laboratory data are consistently higher in mass enhancement
than the field data. A two-sided Mann—Whitney U test on the
means between the field and laboratory OAg, data shows the
means were significantly different with a p-value of 5 X 107>,

In contrast to the mass enhancement observations, the range
in the reported O:Cgy and fy,/fs, laboratory data are

consistent with the field data in the direction and magnitude
of change with aging. The median and IQR O:Cgy across all
laboratory data are 1.5 and 1.3—1.8, and the median and IQR
for fi4/fso,, across all laboratory data are 3.0 and 1.8-3.6.
Sampled plumes in the field undergo, on average, slightly more
compositional aging than the emissions in the laboratory aging
studies, although the number of data points for the field data is
small (N < 10). The FLAME III data show a higher f,,/fs,.
mean and median than the field data, potentially due to this
study’s AMS detecting fragments other than those from
C02+.114

The findings from the laboratory campaigns evident in
Figure 1C, D are

o OAgy in laboratory observations tends to increase under
aging, with a median and mean OAg of 1.4 and 1.7.

e OAgyg values in smog-chamber experiments are sensitive
to PWL correction methods.

e All studies show chemical signs of aging (increasing
O:Cgy and fy4/f0,,), overlapping the range of the field

data.

2.3. Variability between Field and Laboratory
Campaigns Limits the Community from Creating a
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Unified Framework for BB Aging. When comparing OAgg,
0:Cgg, and fy,/fso,, between field and laboratory data (Figure

1), the broad points are as follows:

e On average, laboratory observations show increases in
mass with age (OAgg that are mostly >1), whereas on
average the field data undergo no net change in mass
with age (OAgg ~ 1).

o Across all studies, O:Cgy and fy,/fs,, increase with age,

with field observations showing on average a slightly
greater increase in O:Cgp and fy,/fso,.-

The variability within and between field and laboratory
studies currently prevents the community from creating a
unified framework for predicting the aging of BB aerosol.
Given the magnitude of the global BB POA source,”® this
results in a significant uncertainty in the global OA budgets.

3. HYPOTHESES FOR VARIABILITY WITHIN AND
BETWEEN LAB AND FIELD OBSERVATIONS

In this section, we present four broad categories of hypotheses
for the observed variability in OA aging within and between lab
and field observations: (1) variability in emissions and
chemistry; (2) differences in dilution rates, partitioning, and
absolute OA loading; (3) line and chamber wall losses; and (4)
differences in the timing of the initial measurement.

3.1. Variability in Emissions and Chemistry. Much of
the focus in BB aging studies has been on how emissions and
chemistry vary between fuels/biomes and burn condi-
tiong,2>351 137116120 Hence, we present this as our starting
hypothesis for variability in OA aging: variations in emissions
and chemistry could explain much of the variability between
field and laboratory measurements.

Differences in Fuel Mixtures Lead to Differences in
Emissions. Differences in fuel mixtures and conditions (e.g.,
fuel-moisture content) can lead to differing emissions of gas-
and particle-phase species between different burns, leading to
potential differences in initial distributions of mass across
volatility bins and composition markers. Emission factors
(EFs) from BB for a given gas or aerosol species can vary by
more than an order of magnitude across different bio-
masses.”' >"'** Selimovic et al.'*® found that laboratory
burns of both individual and grouped fuels were in reasonable
agreement with fleld data for select trace gases, although this
study has limited PM and VOC measurements and more field-
to-lab emissions comparisons are required. Emissions vary with
time,” but the impact of this variability on mass and
composition has not yet been well-characterized.

Modeling studies suggest that known SOA precursors like
aromatics and terpenes are not sufficient to explain SOA
formation in BB plumes.'®””""*'** Intensive efforts have been
made during the FIREX and FLAME IV campaigns to carefully
characterize previously unspeciated and often unmeasured
SOA-precursor emissions,”” ' '**7'*” and studies are now
beginning to connect these species to BB SOA formation.''®

The studies in Figure 1A are classified by biome and/or fire
type based on the published descriptions. It is difficult to
determine any trend across the fuel types given the small
number of samples. Although all woodland wildfire samples
show either no change or a decrease in mass enhancement with
age, these aged samples are all over 5 photochemical hours old,
the cutoff at which no mass gains are observed within the
available data. In addition, there are many important fire-prone

biomes not represented within the current studies, such as
peatlands and moorlands.'**'** SI Figure S3 arranges Figure
1A and B by geographic region. The U.S. and boreal North
American studies all show no change or decreases in OAER
with aging; no other apparent trends are evident. The
published BB aging field studies thus far are primarily in
North America, with few studies in Africa, Australia, and South
America, and no studies in Europe or Asia.

Across the 84 experiments and 161 estimated OAgy values,
only 10 OAgy values decrease and all but two of the available
0:Cgp and fy4/feo,, values show net increases (SI Figure S1).

However, interstudy differences make it difficult to draw
conclusions for fuel types. Different fuel and oxidant
combinations were used within each experiment, and almost
all experiments show variable OAgg, O:Cgy, and fy,/fso,, Within

a given fuel type, even within the same study and oxidation
method. This variability could come from variable burn
conditions (discussed below).

A limited number of fuel-specific comparisons can be made
between the laboratory and field studies. The dominant fuel in
the Akagi et al.'” field study, chaparral, was examined in the
OFR and CSU smog chamber experiments. The chaparral
laboratory burns observe positive mass enhancements, whereas
Akagi et al.'” observes a negative mass enhancement. Similarly,
the woodland forest fire studies likely contained mixtures of
different pine species and may be compared to the laboratory
burns of black spruce, ponderosa pine, lodgepole pine, white
spruce, douglas fir, subalpine fir, and engelmann spruce. Two
of the field studies show no change,zs’26 three show decreases
in mass ratios,””*>** and the majority of laboratory experi-
ments of the listed pine fuels show net increases in OA. It is
more than likely that other laboratory-studied fuels were
present in many of the field burns; however, due to lack of
specific information, we cannot analyze this topic further. As
well, POA EFs and/or initial OA/CO are highly variable, even
for a given fuel type within lab and field burns (as previous
reviews have synthesized; Andrease and Merlet, 2001; Akagi et
al,, 2011), which adds to the challenge of comparing OA aging
across field and lab studies.

Burn Conditions Influence Emissions, And There May Be
Key Differences between Field and Laboratory Conditions.
Burn conditions (e.g, flaming, smoldering) also influence
emissions and aerosol mass, as VOC emissions can decrease
with increased flaming combustion.'””"** SOA precursor
emissions may similarly decrease with increased flaming
combustion; however, some SOA precursors vary with high-
and low-temperature pyrolysis factors instead of directly with
MCE."”” In the field, burn conditions will change both
temporally and spatially over time,'”” potentially resulting in
changing emissions, and aircraft studies that track a single
plume in a semi-Lagrangian sense are unlikely to sufficiently
sample a plume with changing burning conditions. Of the 15
field studies that reported burn conditions (Figure 1A, SI
Table S1), the majority report flaming to mixed average
conditions. For the BORTAS campaign, Jolleys et al.>* caution
that the fresh smoke appeared to be coming from more
smoldering conditions but that the aged smoke appeared to be
coming from more flaming conditions. Vakkari et al.** found
that over a S-year period, observations from the most flaming
conditions did not undergo any mass enhancement, whereas
the remaining observations increased PMgg in normalized mass
with age. Except for Vakkari et al,”” there appears to be no
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pattern between flaming, smoldering, and mixed for net mass
changes. Similarly, the relative differences in O:Cgp and f,,/
fo0,, between studies do not appear to systematically depend on

burn conditions.

All but three of the laboratory aging studies that have
reported MCE have been for more flaming fires (MCE > 0.9;
SI Figure S4). Laboratory studies of the aging of open-air BB
aerosol emissions is currently a small subset of the work done
to quantify the primary emission factors (EF) of BB aerosol
emissions and within the context of the primary EF work, it is
still an open question as to how well laboratory burns
represent fleld variability. Some species, such as BC, appear to
correlate well between laboratory and field for primary EF
measurements.”” POA emissions from laboratory work exhibit
wide and not fully explained variability for a given fuel type and
combustion condition. These laboratory measurements of
POA can also differ when compared with field observations.
One of the drivers underlying the observed discrepancies in
POA emissions between laboratory and field measurements
may be variable combustion conditions driven by flame
propagation through the fuel and the availability of oxygen
due to the level of turbulent mixing."*" Combustion conditions
are typically defined by an average MCE but are governed in
part by wind, fuel density, and flame dynamics,"** which may
be important factors when comparing laboratory and field
measurements.' " Other important factors between laboratory
and field measurements that influence burn conditions include
differences in fuel moisture content,””'*° mixtures of fuel
types,'>* and fractions of these fuels that burn in the laboratory
relative to the field."*"**

Sekimoto et al.'”’ identified two distinct high- and low-
temperature pyrolysis emission profiles of VOCs that explained
on average 85% of the VOC emissions for 15 fuel types. The
high- and low- temperature profiles do not correspond exactly
to the more commonly used flaming and smoldering
categories, and require further study to determine how these
temperature-based profiles may aid in predicting both POA
and SOA formation, as well as how the different temperature
regimes may be identified in field burns. These differences in
VOC profiles for the two pyrolysis regimes may help explain
why some given fuels show variability in OAgy between
experiments even for the same oxidant and campaign.

Oxidant Concentrations Influence Chemistry. In-plume
reactions and oxidant concentrations can influence the aerosol
mass and composition markers. Higher oxidant concentrations
lead to increased rates of reactions that could both function-
alize and fragment gas-phase molecules, and enhance
heterogeneous chemistry. Functionalization tends to lead to
vapors with lower volatilities that can partition to the particle
phase, but fragmentation and heterogeneous reactions tend to
lead to higher-volatilitoy products that will remain in or enter
the gas phase.”*'*>'3° Three studies in Figure 1A explicitly
attempt to account for the in-plume OH concentration: Hobbs
et al.”*> and Yokelson et al.” report OH concentrations >10’
molecules cm™ (typical daily averaged ambient tropospheric
OH concentrations are ~1.5 X 10° molecules cm™), and both
of these plumes see a positive mass enhancement (assuming
that the analyses of Alvarado and Prinn”” are correct). Akagi et
al."” report a slightly elevated in-plume OH concentration of
5.27 X 10° molecules cm™ and observe a net decrease in mass.
However, each of these fires were for different environments,
fuels, and burn conditions. Without corresponding knowledge

of what the ratios of functionalization to fragmentation were,
no conclusions can be drawn as to how the enhanced OH
concentrations influenced the plumes’ PM masses.

Plume oxidant levels can be influenced by NO, emissions
(and thus combustion phase), solar zenith angle, optical depth,
temperature, and absolute humidity. The rates of oxidation of
VOCs and the resulting production of Oz in BB plumes is
NO,-limited (Jaffe and Wigder, 2013), and fires with higher
NO, emissions have higher oxidant levels and more active
oxidation of VOCs. NO, emissions depend on the fuel N
content as well as the combustion phase, leading to more rapid
oxidation in grassland and savannah fires (mainly flaming
combustion) than in boreal fires (low fuel N content and more
smoldering combustion'*”'**). The solar zenith angle
influences the sun’s intensity, and the optical depth controls
how far sunlight may penetrate the plume, impacting
photolysis rates and oxidant concentrations. Temperature
controls rates of chemical reactions, with plumes in colder
environments (e.g., plumes that reach the free troposphere)
likely undergoing slower reactions. Humidity determines the
fraction of OH production from O photolysis. However, these
factors have not been explicitly accounted for in field or
laboratory campaigns.

The Roles of Multiphase and Nighttime Chemistry Are
Under-Characterized. The importance of multiphase/con-
densed-phase reactions and nighttime chemistry (when the
nitrate radical can be the most important oxidant'*®) is
currently unclear. Multiphase reactions have not yet been
explicitly characterized in aging BB studies, although
observations of tarball formation may be indicative of
heterogeneous chemistry.'*>'*! Vakkari et al.** observed no
net increase in total PM,; mass concentrations at nighttime but
did see net increases in aged mass during daytime conditions
(excluding the most flaming fires, as discussed below). Wildfire
plumes in the northwest U.S. transported primarily at night
versus day showed little difference in mass enhancement.”'
Zhou et al.*" also find that the OA from plumes transported at
night appeared to be less oxidized than the daytime plumes,
with daytime O:Cgg values higher than nighttime O:Cgy
values. None of the laboratory data in our review include
experiments where the nitrate radical is the primary oxidant,
although we do include experiments with dark O; chemistry
(O; is added but UV lights are off) (SI Figure S1). These
“Dark O;” experiments generally do not give higher OAgy
values than experiments with UV lights, and hence they are
likely not a cause of the relatively high bias in OAgy relative to
field experiments.

3.2. Differences in Dilution Rates, Partitioning, and
Absolute OA Loading. SVOCs can make up between ~20
and 90% of fresh BB particles,””'**'**~"** and upon dilution,
they may evaporate. Evaporated POA can act as precursor
vapors for SOA if they react and form lower-volatility
products,"'”'** and the resultant SOA is likely to have a
more-aged signal (higher O:Cgy and fy4/fs,,) than the original

POA compounds, even if OAgpy does not change (POA
evaporation could be balanced by recondensation of oxidation
products). However, the rate and yield at which evaporated
POA forms SOA is uncertain'*® and has not been yet studied
for smoke plumes.

As partitioning and evaporation rates depend on absolute
aerosol mass 10;1ding,82’147 the initial OA concentration,
dilution rate, and concentration of OA in the entrained
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background air will impact OA aging.'*’ In addition, the
partitioning of semivolatile OA is temperature dependent, with
an order of magnitude shift in C* for every 20 K change in
temperature.”> As dilution proceeds differently within and
between laboratory and field studies, dilution differences could
help explain variability in OAgp, O:Cgg, and fi4/fso,,-
Evaporation is also influenced by oligomerization reactions
and the bulk diffusion coeflicient. Oligomerization reactions
create lower-volatility products,'*® decreasing evaporation
rates. Similarly, a decreased particle-phase diffusion coeflicient
leads to decreased evaporation rates.*® Oligomerization
reactions and the diffusion coefficient for BB aerosol are
currently not well-studied, although tar ball formation in BB
plumes may indicate both oligomerization processes and a low
particle-phase diffusion coefficient."*'

Field Burns Undergo Variable Dilution Rates. In the field,
dilution is influenced by the size of the fire, atmospheric
conditions (e.g,, stability of the layer of smoke injection), and
regional topography. Figure 2 provides the range and

Number of U.S. fires reported in 2014

10° 10 107 1007 10" 10° 1000 100 10°

Fire area [km’ blackened day ']

Figure 2. Annual data for the United States in 2014 for the number of
recorded fires by fire size in km* blackened per day (that is, the total
area in km?* burned per day) from the National Emissions Inventory
(U.S. EPA NEJ, 2014). Overlain in gray are the number of fires by
size from the field campaigns in Figure 1A for each fire with sizes
either explicitly reported or estimated within the publication. Note
that some campaigns in Figure 1 are not included as this information
was not provided, and they typically tended to be larger fires. Adapted
from Hodshire et al."*

distribution of fire sizes for the U.S. for 2014, indicating the
importance of small (<0.1 km? of burned area) fires. Well over
half of the globe’s landmass experiences average fire sizes <1
km?'* Plumes that dilute quickly, either due to being formed
by small fires and/or being dispersed quickly due to
atmospheric conditions, will lose more mass to evaporation,
all other conditions being equal. Conversely, plumes that dilute
slowly, either due to being formed by large fires and/or being
dispersed slowly due to atmospheric conditions or regional
topography, may lose less mass to evaporation.''”'** Slowly
diluting plumes may also undergo fewer chemical reactions if

the plume is dense enough to limit sunlight to the interior of
the plume, slowing photochemistry.”"**'>" Thus, mass and
composition markers may change slowly in large plumes if little
mass is lost by evaporation or gained from chemistry.
However, scattered light from smoke aerosols may compensate
for light lost by aerosol absorption.">*

Five of the field studies in Figure 1 explicitly characterized
the fire size (Figure 2; SI Table S1, between 0.01 and 10 km?),
and all showed no chansge or decreases in mass with age. The
five woodland wildfires™~>7?%** were likely larger than 10 km?
but also show no change or decreases in mass with age. As
mentioned above, there are differences in study design for field
campaigns between aircraft studies and ground-based studies,
as well as if the aircraft study is explicitly tracking one plume
downwind or instead measuring smoke within a region. These
differences in measurement design may impact the apparent
influence of dilution and is a source of uncertainty.

Laboratory Studies Do Not Undergo Variable Dilution
Rates. Unlike field campaigns, laboratory campaigns keep
chambers at an effectively fixed dilution ratio. Most laboratory
smog-chamber experiments initially dilute OA concentrations
to 10—100 ug m~>, and the concentrations generally stay in
this range throughout the aging experiment. Hence, smog-
chamber and OFR experiments do not sample continuous
dilution with time, which may control evaporation and the
availability of SOA precursors.

Initial POA Concentrations Influence SOA Production.
The FLAME III OFR introduced significantly higher initial OA
concentrations into its chamber compared to the three smog
chamber experiments, impacting mass. Figure 3 shows OAgp
versus the initial OA concentration for all experiments, with SI
Figure SS showing the same for O:Cgyg and f,4/fso,,. The three

smog chambers introduce between ~5$ and 400 ug m™ of OA,
and the OFR introduces between ~110 and 18 000 ug m™> of
POA. For the OFR, there is a decreasing trend of OAg; with
increasing initial OA (R? = 0.62). Ortega et al.'** hypothesized
that increasing initial OA concentrations drives more SVOCs
(and potentially even IVOCs) to the particle phase, leading to
fewer gas-phase SOA precursors available to react and
condense onto the particles. A significant amount of mass
exists in the C* = 10°~10* ug m™ range.'>""” These species
are POA at high organic mass concentrations but %as-phase
SOA precursors at low organic mass concentrations. »%2 The
smog chambers in Figure 3 are dilute enough that species with
C* = 10°-10* ug m™ range are mostly in the gas phase for all
experiments, so additional dilution (lower POA concentra-
tions) does not result in a strong trend in OAgg: Tkacik et
al.'’® has an R* value of 0.47, and the remaining campaigns
have R* < 0.25. The OFR O:Cgg and f,,/fs,, data have an

inverse correlation to POA with R?® values of 0.42 and 0.3,
respectively. This inverse correlation indicates less condensa-
tion of oxidized organics at higher POA loadings, supporting
the hypothesis that higher POA loadings reduce OA aging and
enhancement.

Figure 3 also includes the field campaigns that provided
initial in-plume absolute OA. Many of these field studies
provided mass time series, and here we qualify the initial OA as
the highest observed OA concentration. In general, the field
OAgyg are close to 1 for low initial OA loadings (~<100 ug
m™*). However, the field observations with higher initial OA
loadings generally have lower OAgy values compared to the
trend for the FLAME III OFR. This low field bias is potentially
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Figure 3. OA enhancement ratio (OAgg) to the initial OA concentration in yg m™> within each chamber for all experiments within the laboratory
campaigns of Figure 1C and D. Symbols indicate fuel type and colors indicate study type. The horizontal dashed black line at OAgy = 1 indicates no
net change in OA mass from the initial mass. The black solid line indicates the trend line for the OFR data, with a slope of —0.16 and an R value of
0.62. Also included on this figure are the studies that report initial OA concentrations. Where field campaigns published time series of OA, we used
the highest concentrations as this is likely the closest overpass over a plume.

because the observed ambient plumes diluted between the
initial and final observations while the OA concentrations in
the OFR are held approximately fixed during aging.
Background OA Differs between Field Studies. Hodshire
et al.'* indicated that elevated (>20 ug m~>) background
aerosol concentrations can impact SOA formation in plumes
from smaller fires (<10 km?), as entrainment of the elevated
background aerosol mass can slow evaporation of semivolatile
compounds, effectively slowing evaporation caused by dilution.
None of the studies in Figure 1A explicitly report the
background aerosol concentration (although this information
likely is available within the campaign data repositories). This
background OA effect could be particularly important in
regions that experience large numbers of small fires, such as the
Amazon basin during the dry season.**'** SI Figure S6 shows
that for the U.S. in 2014, 3% of total reported fires occurred in
background PM, 5 concentrations of >20 ug m™>, accounting
for 7% of total PM, fire emissions. No study to date has
explicitly considered the effects on OAgg, O:Cgp, or fiu/fso,,

from plume size, dilution rates, mixing, and background
aerosol and vapor concentrations with ambient data.
Temperature Differs between Field and Laboratory
Studies. Temperatures at the height of plume injection may
be significantly colder than those at the surface, and these

temperature differences could lead to different OA partitioning
and aging for plumes at different heights/temperatures. In
laboratory experiments, temperature is generally held fixed, and
there is currently no published controlled analysis of the net
effect of temperature on biomass-burning OA aging.

3.3. Line and Chamber Wall Losses. Partitioning of
vapors to walls in laboratory experiments may alter apparent
SOA production: Laboratory results are dependent on losses of
both vapors and particles to the chamber walls and
instrument/chamber tubing, which influences mass. Each
smog chamber analysis in this review has corrected for PWL
assuming either that the particles lost to the walls remain in
equilibrium with semivolatile vapors (w = 1) or that vapors
only interact with suspended particles (@ = 0): assuming @ = 0
decreases the mean mass enhancement by 3—26% (Figure
1C). In reality, vapor uptake by deposited particles likely lies
between the @ = 1 and @ = 0 cases''” and this remains an
uncertainty moving forward. None of the published laboratory
studies here correct for partitioning of vapors to walls directly
into the Teflon surfaces, which may be more than an order-of-
magnitude larger than losses to particles on the walls."'® The
published OFR study does not correct for either particle or
vapor wall losses, although these losses are predicted to be
relatively low in OFRs."**~"* We do not correct for vapor wall

DOI: 10.1021/acs.est.9b02588
Environ. Sci. Technol. 2019, 53, 10007—-10022


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b02588/suppl_file/es9b02588_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b02588

Environmental Science & Technology

Critical Review

losses in this review as it requires simulating all prior
experiments in an aerosol microphysics model and knowledge
of chamber turbulence within each experiment. Rather, we rely
on the work of Bian et al.""” in SI Figure S7 to demonstrate the
potential importance of correcting for these vapor wall losses
(see below).

To date, two published modeling studies have characterized
partitioning of vapors to Teflon walls for chamber BB aging
experiments."'”"%” Bian et al.'"” modeled both PWL and vapor
wall partitioning for the smog chamber in the FLAME III
campaign, using size-dependent PWL rates and volatility-
dependent vapor partitioning rates."'® Although uncertainties
remained for PWL and vapor partitioning rates, Bian et al.''’
found that simulations without vapor partitioning led to
roughly a doubling of OAgy values. SI Figure S7 shows the
results from Bian et al.'" next to the Hennigan et al.'"” results
with the vapor-wall-loss corrections lifting the mean and
median OAgy values to over 3. In a similar modeling study for
the dark period within the chamber before lights are turned on
(~75 min), Bian et al."*® found that over one-third of the
initial particle-phase mass was lost during this time to PWL
and vapor partitioning, with 35% of this loss coming from
evaporation of particles driven by vapor wall losses to the
Teflon chamber walls. As vapor partitioning is a function of
volatility, these losses could also impact composition markers.

The tubing that transports the smoke between the burn
chamber and the smog chambers is also susceptible to losses/
delays of gas-phase SOA-precursor material."**”'®" To
illustrate this point, we provide a new analysis using the
absorptive partitioning model for tubing built by Pagonis et
al.*” (“tubing model”) to estimate potential losses of gas-
phase material from tubing delay for the smog chamber setup
in FLAME IIL.'"* We assume the fresh-smoke VBS distribution
of Bian et al."'’ and the SI provides further details on our
methods. At a tubing temperature of 40 °C and residence time
of ~4.3 5,""? the heated aerosol may not achieve equilibrium
instantaneously,'> and we assume two bounding cases on
evaporation in which (1) the particles do not evaporate or (2)
the particles reach equilibrium instantaneously. For these
bounding cases and an initial mass loading of 50 ug m™, ~
16—25% of the S/IVOC gas-phase material does not exit the
tubing after 15 min of continual flow of smoke through the
tubing (SI Figure S8). This loss increases to ~30% if the tube
is not heated. Estimated OAgp values (neglecting further
chamber wall losses and making simple assumptions for SOA
yields SI) the OAgy ranges between 1.3 and 1.8 for the cases
with transfer lines but increase to 2.5 for a case with no
assumed tubing loses (SI Figure S8D).

Partitioning of vapors to the chamber walls and tubing
decreases the concentrations of gas-phase precursors that could
participate in SOA formation, biasing OAgy in laboratory
campaigns low (SI Figure S7), further increasing the
discrepancies between field and laboratory studies.

3.4. Differences in the Time of the Initial Measure-
ment. Premeasurement chemistry may impact SOA: All of the
field and laboratory measurements in Figure 1 are expressed as
ratios referenced to an observation that is treated as the initial
condition (“time zero”). For field studies, the time after
emission at which these initial observations are made can be
highly variable between studies, and in some cases significant
evaporation and/or chemistry may have occurred prior to that
first observation. Generally, the earliest measurements for
aircraft campaigns are on the order of ~2—3 min after emission

with most being 10 min or more after emission (SI Table S1).
In the FIREX laboratory experiments conducted, Koss et al."?
found a substantial fraction of higher molecular weight organic
emissions, including heterocyclic (e.g,, furans) and phenolic
(e.g,, phenol, guaiacol) compounds, that could already have
contributed to SOA on these very short time scales.'*” Results
for modeling of residential wood combustion indicate the
importance of these species to SOA formation,'** though these
results have yet to be tested for ambient BB plumes. As these
compounds have short atmospheric lifetimes with respect to
OH (~15—60 min), it is possible that some SOA is rapidly
formed in the plume after emission but before the “initial”
condition of the smoke plume can be measured by aircraft.
Furthermore, many plumes undergo relatively rapid dilution
during the first several minutes (e.g., vertical mixing into an
unstable layer), which may lead to evaporation during this
initial time period. Hence, we hypothesize that observed
enhancement ratios in the field may be sensitive to the
location/timing of the near-field measurement.

Laboratory campaigns have high temporal resolution and
can capture early stage chemistry. The time zero in most of the
laboratory experiments discussed here occurs when chemistry
is initiated (lights are turned on or ozone is added). If rapid
reactions are important to BB SOA formation, the differences
between time zero in laboratory and field campaigns could be
responsible for higher OAgy values in laboratory experiments.

To illustrate how OAgy is sensitive to the definition of time
zero, we provide a novel analysis with the FIREX smog
chamber data of the impact on OAgy as a function of where
time zero is defined relative to when the lights were turned on
(Figure 4). Plotted are offsets of 0 (what is always used in

O
°© o
3.0
(o] o
E 2.0 o
3 . °©
100 F====F=mmmmm e
0.9
0 10 30 60

Time between lights on and initial measurement [mins]

Figure 4. OA enhancement ratios (OAgy) for the FIREX data (@ = 1
case), as a function of where time zero (the initial measurement) is
defined (relative to when the lights were turned on, or 0 min). Plotted
are offsets of 0 (what is always used in laboratory analysis), 10, 30,
and 60 min, with the nonzero offsets representative of time zero in
field experiments (SI Table S1). The horizontal dashed gray line at
OAgy = 1 indicates no net change in OA mass from the initial mass.

laboratory analysis), 10, 30, and 60 min, with the nonzero
offsets representative of time zero in fleld experiments. The
OAgg values estimated for a time zero offset of 30 min are
about half of these values when there is no offset. For the cases
when time zero offset is 60 min after the lights turned on,
about a quarter of the experiments have an OAgy less than 1
(only 10 of all reported laboratory OAgy values are less than 1
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when there is no offset in time zero). Hence, the FIREX data
demonstrate that the difference in definition of time zero in the
laboratory experiments and field experiments might explain, at
least in part, why OAgp values are generally higher in
laboratory experiments than in field experiments. However,
the trend shown in Figure 4 could also be due to wall losses of
gases, which occur on time scales of 10s of minutes,"'® and
thus may not be applicable to field studies. In addition, the BB
OFR study of Ortega et al,''* found that most of the OAgy
increases did not occur on these subhour photochemical time
scales. Oxidant concentrations decreased with time during the
FIREX smog chamber experiments, which could also favor
early OAgy production, but OH has also been observed to
decrease in ambient BB plumes with time.” As well, initially
thick plumes may have low oxidant concentrations due to slow
photolysis rates until the plume disperses. More research is
needed to understand the initial chemistry occurring in smoke
plumes.

4. FUTURE RESEARCH NEEDS

In this study, we have reviewed prior studies of smoke particle
aging in the field and lab and discussed hypotheses for
differences within and between the two types of studies. In
order to create a unified framework to explain variability in the
BB aging, we present the following recommendations for key
research priorities for the community. We do not rank these
priorities, as we hope that ongoing research efforts will guide
the relative importance of each priority. We order each
subsection by scale, from the molecular level to larger spatial
scales:
Under-Characterized Variables in Field Campaigns.

e Better characterization of in-plume chemistry that will
allow for improved estimates of, among others, oxidant
and radical concentrations, optical thickness, vertical
structure, photolysis rates, and reaction rate constants
with OH, O;, and NOj; for different classes of smoke
compounds.

e Consideration of how well variability in source emissions
is characterized to obtain an estimate of how much
variability would be expected downwind, independent of
chemistry.

e Better characterization of the fire size/dilution rate,
absolute OA concentrations, and the background
aerosol/OA concentration to improve understanding of
the influence of these properties on OA aging. A wider
range of fire sizes should be sampled from, as field
studies thus far appear to have disproportionately
sampled midsized fires (Figure 3), and aging may
depend on fire size and background concentrations.

o A broader set of study locations, as a majority of existing
field studies have occurred in the Americas and a few
occurring in Africa. Many important fire-prone biomes
remain under-studied including peatlands and moor-
lands.'**'?*

Under-Characterized Variables in Laboratory Cam-
paigns.

o Better characterization of particle and vapor wall losses
for all transfer line and reaction vessel surfaces, and clear
documentation of those corrections. Consistent methods
for correcting data for each of these losses must also be
used to compare across studies.
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e A more systematic testing of dilution levels as well as

variable temperatures (including rapid changes in
temperature) for the same fire conditions in order to
understand changes in evaporation and SOA production
during plume dilution and temperature changes.

A wider range of MCEs, as the burn conditions within
the available laboratory studies have almost all been with
high MCEs, indicating a dominance of flaming fires.
More smoldering fires within the laboratory setting
should be studied. As well, methods to more closely
match field burns should be developed, such as burning
more compact fuels/larger amounts, varying fuel water-
content, and/or adding heat lamps to increase fuel
temperature prior to combustion.

A wider sampling of fuels as laboratory studies have been
focused predominantly on fuels that may exist in North
American fires.

Reconciling Laboratory and Field Campaigns.

e Expanding use of emerging techniques that allow

. .16
molecular-level measurements of OA in real-time'®

should be applied to both field and lab studies to allow
more direct connections than can be made with using
only OA and O:C to characterize the composition of
emissions.

Increased reporting and analysis of emissions correla-
tions such as the high- and low-temperature emissions
profiles of VOCs identified by Sekimoto et al.'>” These
profiles provide tractable methods that can be compared
in field and laboratory campaigns for understanding the
thousands of compounds emitted in fires and could be
applied to aging studies in order to determine which
correlations may increase understanding of aged smoke.

Better characterization of the OA evolution of individual
tuels for variable starting mass concentrations to explore
more dilution regimes in laboratory experiments. As
observed for the FLAME III OFR data, more SOA was
formed with a lower initial POA concentration
(increased dilution), likely due to more available
precursors.'''* Careful observation of both mass and
compositional changes in these experiments can test the
impacts of dilution on smoke aging.

Expanded use of OFRs, given their relative ease-of-use
compared to environmental chambers. In lab studies,
OFRs can provide anticipated particle mass, composi-
tion markers, and size distribution changes with variable
levels of aging'®* for the same fuel or fuels burned. In
field studies, OFRs can be set up at ground-based sites to
sample directly from ground-level plumes and have also
successfully operated from aircraft.”” Aging information
from field OFRs could be directly compared to aircraft
observations of the downwind plume.

Models as tools to interpret field measurements. Models
can help to understand the chemical and physical
impacts of dilution in plumes. As well, combinations of
modeling and laboratory efforts can constrain initial, fast
chemistry anticipated in smoke plumes and should be
then applied to field measurements in order to
determine anticipated changes in mass and composition
that can occur between the time of emission and the
time of the initial field measurements
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