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ABSTRACT

Biomass burning (BB) is the second largest source of trace gases and the largest source of
primary fine carbonaceous particles in the global troposphere. BB trace gases and particles are of
both regional and global importance. In the US, prescribed fire and wildfire are the two major
fire types and they occur frequently. Prescribed fires are ignited to improve and aid forest health,
maintenance, and management. Land managers strive to minimize the impact of smoke on local
communities. However, smoldering combustion can still occur, leading to complaints of smoke
exposure and reduced visibility. It is clear that we need better understanding of prescribed fire
emissions both for the sake of land managers who conduct these burns and for the communities
affected by smoke. In October-November of 2011 we measured the trace gas emission factors
from seven prescribed fires in South Carolina, U.S. using two Fourier transform infrared
spectrometer (FTIR) systems and whole air sampling (WAS) into canisters followed by gas-
chromatographic analyses. A total of 97 trace gas species are reported here from both airborne
and ground-based platforms making this one of the most detailed field studies of fire emissions
to date. The measurements included the first data for a suite of monoterpene compounds emitted
via distillation of plant tissues during real fires. The known chemistry of the monoterpenes and
their measured abundance suggests that they influenced post-emission formation of ozone,
aerosol, and small organic trace gases such as methanol and formaldehyde in the sampled
plumes. The variability in the terpene emissions in South Carolina (SC) fire plumes was high
and, in general, the speciation of the emitted gas-phase non-methane organic compounds was
surprisingly different from that observed in a similar study in nominally similar pine forests in
North Carolina ~20 months earlier. On the other hand, the AHCN/ACO emission ratio is fairly
consistent at 0.9 + 0.06 % for airborne fire measurements in coniferous-dominated ecosystems
further confirming the value of HCN as a biomass burning indicator/tracer. The SC results also
support an earlier finding that C3-C,4 alkynes may be of use as biomass burning indicators on the
time-scale of hours to a day. It was possible to measure the chemical evolution of the plume on
four of the fires and significant ozone (O3) formation (AO3/ACO from 10-90%) occurred in all of
these plumes. Slower O3z production was observed on a cloudy day with low co-emissions of
NOy and the fastest O3 production was observed on a sunny day when the plume almost certainly
incorporated significant additional NOy by passing over the Columbia, SC metro area. Due to
rapid plume dilution, it was only possible to acquire high quality downwind data for two other
species (formaldehyde and methanol) on two of the fires. In all four cases significant increases
were observed. This is likely the first direct observation of post-emission methanol production in
biomass burning plumes and the precursors likely included terpenes.
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CHAPTER 1: INTRODUCTION

1.1 Global impact of biomass burning

Biomass burning (BB) can be broadly defined as open or quasi-open combustion of any
non-fossilized vegetative or organic fuel. Examples range from open fires in forests, savannas,
crop residues, semi-fossilized peatlands, etc. to biofuel burning (e.g. cooking fires, dung burning,
charcoal or brick making, etc.). Savanna fires, domestic and industrial biofuel use, tropical
forest fires, extratropical (mostly boreal) forest fires, and crop residue burning are thought to
account for the most global biomass consumption (in the order given). Overall, BB is the largest
source of primary fine carbonaceous particles and the second largest source of trace gases in the
global atmosphere (Bond et al., 2004; Andreae and Merlet, 2001; Forster et al., 2007; Guenther

et al., 2006).

Although episodic in nature and highly variable, biomass burning emissions can contribute
to local, regional, and global air quality and climate forcings (Wiedinmyer and Hurteau, 2010).
Particles emitted and formed in BB plumes have major direct and indirect effects on climate
(Hobbs et al., 1997; Rosenfeld, 1999) and contribute to dense continental-scale haze layers that
occupy much of the tropical boundary layer (and sometimes large parts of the boreal boundary
layer) during the dry season (Andreae et al., 1988; Reid et al., 1998; Wofsy et al., 1992; Eck et
al., 2003). A multipart review by Reid et al. (2005a; b) focused on the physical and optical
properties of biomass burning particles and their impacts. These topics have been the subject of
much ongoing research (e.g. Andreae et al., 2004; Ramanathan and Carmichael, 2008; Grieshop

et al., 2009).



The trace gases emitted by biomass burning have a significant influence on the atmosphere,
which includes a major contribution to the formation of global tropospheric ozone (Os), an
important greenhouse gas (Sudo and Akimoto, 2007). The O3z formed can also affect air quality:
e.g. Pfister et al. (2007) show that BB emissions from California wildfires in 2007 increased
downwind ozone concentrations in rural regions. Trace gases from BB can also contribute to the
secondary formation of aerosol particles (Reid et al., 1998; Alvarado and Prinn, 2009; Yokelson
et al., 2009). The effect of BB trace gases on the oxidizing power of the troposphere is an
important, complex issue. The hydroxyl radical (OH) is a key oxidant in the global troposphere
and is mostly produced in the tropics, which is also where ~70-80% of BB is thought to occur
(Crutzen and Andreae, 1990; van der Werf et al., 2010). The carbon monoxide (CO) and NMOC
produced by BB are continually removed via reaction with OH while photolysis of some of the
oxygenated NMOC and the O3 formed in BB plumes can be an OH source (Crutzen and
Andreae, 1990; Singh et al., 1995). Coupled with this picture are large tropical biogenic
emissions of isoprene, which has a complex oxidation scheme that is still under investigation, but
results in some OH regeneration and significant CO production (Lelieveld et al. 2008; Paulot et

al., 2009; Archibald et al., 2010; Peeters et al., 2009).

1.2 Regional impact of biomass burning

In the US, biomass burning in the form of prescribed and wildfires can greatly impact
regional air quality. In particular, biomass burning that occurs year-round is a prominent
domestic source of gas and particle emissions. These fires may be prescribed or ignited
naturally. Prescribed burning is a significant fraction of US BB and it is used to restore or

maintain the natural, beneficial role of fire in many terrestrial ecosystems; reduce fire risk by
2



consuming accumulated wildland fuels under preferred weather conditions; and accomplish other
land management objectives (Biswell 1989; Hardy et al., 2001; Carter and Foster, 2004;
Wiedinmyer and Hurteau, 2010). These burns are often recurrent, sometimes near populated
areas, and despite being controlled may occasionally have negative air quality impacts. Together,
wild and prescribed fires are thought to produce about one-third of the total PM, 5 (particle mass
with aerodynamic diameter <2.5 pm) in the US (Watson, 2002; Park et al., 2007). The particles
can impact local to regional air quality, health, and visibility (McMeeking et al., 2006). In
addition, fires can influence regional levels of ozone (O3), which is an air toxic (Pfister et al.,
2006). Large areas of the US commonly have Oz mixing ratios not far below the US national
ambient O3 air quality standard (75 ppb 8-hour average). Thus, in these areas even modest
production of Oz in a smoke plume can potentially lead to O3 levels that exceed air quality
criteria. Because fire has both benefits and drawbacks, the optimum amount and timing of
prescribed fire is an area of active research and better information on the initial chemistry and
evolution of BB emissions is a major need (Haines and Cleaves, 1999; Sandberg et al., 2002;

Yoder et al., 2003; Kauffman, 2004; Stephens et al., 2007; Akagi et al., 2011).

1.3 Motivation

This work is aimed towards improving our knowledge of the chemistry of biomass burning
emissions; both near the source and in evolving downwind plumes. Accurate representation of
biomass burning in the troposphere is a key element in our ability to model climate, chemistry,

and air quality in global and regional atmospheric chemistry models (GACMs).



1.3.1 Chapter 2

We define several important terms in biomass burning, including emission ratio (ER),
emission factor (EF), and modified combustion efficiency (MCE). We discuss the acronyms used
to describe categories of species emitted from biomass burning, and briefly define common

terms used in quantifying biomass for emission estimates.

1.3.2 Chapter 3

In Chapter 3 we report prescribed fire emissions from the South Carolina Regional
Emissions and Aging Measurement (SCREAM) campaign. The major feature of this study was
to expand the scope of measurements to include: (1) emissions data for fires with additional
important fuel types as well as fires that burned in forest stands with a broader range of
management histories, (2) post-emission plume evolution data on days with different solar
insolation and on a day with significant mixing of urban and fire emissions, and (3) addressing
all these topics with a significantly expanded suite of instrumentation. By comparing emission
factors presented here with previous EFs in pine-forest understory fuels, we can better
understand the natural variability that can be observed even for study-averaged values for

ecosystems considered nominally similar in the atmospheric community.



CHAPTER 2: TERMINOLOGY AND DEFINITIONS

2.1 Emission ratios, emission factors and combustion efficiency

An excess mixing ratio (EMR) is defined as the mixing ratio of species X in smoke minus its
mixing ratio in background air. The EMR of X is often denoted by “AX.,” where the measured
value reflects the degree of plume dilution and the instrument response time (Andreae et al.,
1988; Yokelson et al., 1999). As a standardization measure, AX is often divided by an EMR of a
fairly non-reactive co-emitted smoke tracer (AY), such as CO or CO; this molar ratio is defined
as the Normalized Excess Mixing Ratio (NEMR), which can be measured anywhere within a
plume. A special case of the NEMR is the “emission ratio” (ER): the molar ratio between two
emitted compounds (also written as AX/AY), which should be reserved for emission
measurements taken at the source (fresh smoke). The NEMR is highly variable for reactive gases
and some aerosol species downwind from fires and dependent on the details of the post-emission
processing. Thus for a reactive compound, a NEMR measured downwind may not be equal to
the emission ratio even though it is expressed in similar fashion. A simpler alternative term
sometimes used to refer to downwind NEMR is the “enhancement ratio” (Lefer et al., 1994), but
since it would have the same abbreviation as “emission ratio” and some species are “depleted”

downwind we do not use this term in this work.

We use ER to derive emission factors (EF) in units of grams of X emitted per kilogram of
dry biomass burned using the carbon mass balance method (Ward and Radke, 1993), as will be
discussed in Sect. 3.2.5. The method assumes that all burned carbon is volatilized or contained

5



in the emitted aerosol and that all major carbon-containing species have been measured. The
inability to detect all carbon species can inflate emission factors by 1-2% when using the carbon
mass balance method (Andreae and Merlet, 2001). The carbon content in the fuel must also be

measured or estimated EF scale linearly in proportion to the assumed fuel carbon fraction.

Combustion efficiency (CE) - the fraction of fuel carbon converted to carbon as CO,- can be
estimated from measured emission ratios with the detailed equation given elsewhere (e.g. Sinha
et al. 2003). The CE at any point in time during a fire, or for the fire as a whole, depends strongly
on the relative contribution of flaming and smoldering combustion, with a higher CE indicating
more flaming and lower MCE indiciating more smoldering (Ward and Radke, 1993; Yokelson et
al., 1996). Flaming combustion involves rapid reaction of O, with gases evolved from the solid
biomass fuel and is common in foliage or dry, small diameter aboveground biomass. Flaming
combustion converts the C, H, N, and S in the fuel into highly oxidized gases such as CO,, H,0,
NOy, and SO,, respectively, and produces most of the black (or elemental) carbon particles. As a
fire progresses, smoldering combustion tends to play a more dominant role via surface oxidation
(or gasification, commonly known as “glowing’) and pyrolysis (mostly the thermal breakdown
of solid fuel into gases), often affecting large-diameter aboveground biomass and belowground
biomass. Smoldering produces most of the CO, CH4, NMOC, and primary organic aerosol.
Smoldering and flaming frequently occur simultaneously during a fire, and distinct combustion
phases may not occur. Flaming (~1400 K) and glowing (~800-1000 K) are the two heat sources
driving pyrolysis and fuel temperatures can range from unheated to that of a nearby heat source.
We also note that smoldering is not caused by a deficiency of O,; rather chemisorption of O, on

char is exothermic and helps drive glowing combustion (Yokelson et al., 1996). Large natural



variability in fuel geometry, growth stage, moisture, windspeed, etc. causes large natural
variability in the relative amount of biomass consumption by flaming and smoldering
combustion, even within a single fire type category. This, coupled with variation in fuel
chemistry, leads to a large range in the naturally occurring EF for most species for any fire type

as discussed further.

The combustion efficiency, as stated above, can be useful in indicating the relative
abundance of flaming and smoldering combustion. Since CE is hard to measure, the modified
combustion efficiency (MCE), which is defined as ACO2/(ACO,+ACO), is commonly reported
as an estimate of CE accurate within a few percent (Ferek et al., 1998). Pure flaming has an
MCE near 0.99 while the MCE of smoldering varies over a larger range (~0.65-0.85), but is most
often near 0.8. Thus an overall fire-integrated MCE near 0.9 suggests roughly equal amounts of
biomass consumption by flaming and smoldering. Since both CE and MCE indicate the relative
amount of flaming and smoldering combustion, both parameters often correlate reasonably well
with EF (Fig. 4.3 in Ward and Radke, 1993; Fig. 3 in Yokelson et al., 2003). For example, in Fig.
3 of Yokelson et al. (2003) airborne measurements of EF(CHy,) for individual fires range from
~0.5 g kg™ to ~3.5 g kg™ (a factor of 7) with decreasing MCE. Additional variation in EF and
MCE would result from considering the unlofted emissions from residual smoldering
combustion (RSC) (see, e.g., Bertschi et al., 2003b; Christian et al., 2007; Yokelson et al., 2008).
In general, the MCE dependence of “EF(X)” for a fire type allows calculation of a specific
EF(X) for any known MCE. However, we do not yet have good data on how regional average

MCE may evolve with time over the course of the biomass burning season for the major types of



burning. Thus, in this work we report fire-averaged EF and (where possible) an estimate of the

expected naturally occurring range in the average EF as the standard deviation.

2.2 Residual Smoldering Combustion (RSC)

Prolonged smoldering after local convection from the flame front has ceased is often termed
“residual smoldering combustion” (RSC, Bertschi et al., 2003) and is responsible for many of the
negative air quality impacts of prescribed burning on a local scale (e.g. smoke exposure
complaints, visibility-limited highway accidents (Achtemeier, 2006)). Ground-based systems are
usually required for measurements of RSC smoke emissions. The emissions from RSC burning
are quite different from those of flaming combustion due to the lower combustion efficiency.
The strategies adopted by land managers for prescribed burning typically minimize the amount
of RSC and its impacts on local populations. In contrast, wildfires normally burn when “fire
danger” is at high levels and forest floor moisture is at a minimum (Deeming et al., 1978), often
resulting in significant amounts of RSC. There are usually few or no options for reducing smoke
impacts on populated areas from wildfires. Although not a factor in this study, in some wildfires,
organic soils (peat) may also burn contributing to RSC. Residual smoldering combustion can
continue for weeks after initial ignition and can account for a large portion of the total biomass
consumed in a fire (Bertschi et al., 2003; Rein et al. 2009). There are very few peer-reviewed

field measurements of the emissions from RSC in the temperate regions of the US.

2.3 NMOC, OVOC, and NMHC

Non-methane hydrocarbons (NMHC) are defined as organic compounds excluding methane

(CH,) that contain only C and H; examples include alkanes, alkenes, alkynes, aromatics, and
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terpenes. Oxygenated volatile organic compounds (OVOC) contain C, H, and O; examples
include alcohols, aldehydes, ketones, and organic acids. NMHC and OVOC together account for
nearly all the gas-phase non-methane organic compounds (NMOC) emitted by fires. The
distinction is important when discussing the role of NMOCs in post-emission chemistry. All of
the organic compounds are important in secondary processes such as ozone and aerosol
formation, but the OVOC are more abundant (60-80% of NMOC), and the OVOC and NMHC
tend to have different atmospheric chemistry (Singh et al., 1995; Finlayson-Pitts and Pitts, 2000).
It is also important to note that only on the order of 50% (by mass) of the observed gas-phase
NMOC can be assigned to specific compounds (Christian et al., 2003; Karl et al., 2007). The
remaining unidentified species are mostly high molecular weight NMOC. The unidentified
species evidently play a large role in plume chemistry (Trentmann et al., 2005; Alvarado and

Prinn, 2009).

2.4 Common terminology used in computing regional/global emission estimates

We briefly define common terms used in quantifying biomass for emission estimates.
Biomass is described as primarily live (phytomass) or dead (necromass) plant material and can
be discussed as total aboveground biomass (TAGB)—referring to the litter layer and everything
above—or total belowground biomass (TBGB), referring to duff, peat, organic soils, and roots
(Seiler and Crutzen, 1980). Both terms are normally expressed on a dry weight basis. Fuel
moisture can be calculated as (wet weight-dry weight)/dry weight, and along with fuel geometry
affects what biomass is likely to burn. The term “fuel” in the forestry literature refers to only
that portion of the total available biomass that normally burns under specified fire conditions

(Neary et al., 2005). Thus, “fuel” and “biomass” are not equivalent terms in forestry, although
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they are sometimes used interchangeably by atmospheric chemists. Both fuel and biomass
loading are typically expressed as the mass of fuel or biomass per unit area on a dry weight basis.
A combustion factor is the fraction of biomass exposed to a fire that was actually consumed or
volatilized. The biomass loading is often multiplied by a combustion factor to derive an estimate
of how much biomass was consumed, otherwise known as the biomass consumption (per unit
area). An estimate of the total combusted biomass can be obtained given biomass consumption

per unit area and an estimate of the area burned.

2.5 Sampling considerations

Smoke contains numerous species with atmospheric lifetimes ranging from micro-seconds
to years. Other than a few continuously regenerated intermediates, current technology can only
measure atmospheric species that are abundant and stable enough to have lifetimes of a few
minutes or longer. In practice this means that measurements show the effects of aging for some
detected species unless samples are taken within 10s of meters above lab fires or within 1-2 km
of fires in the field. Under these conditions, smoke typically has CO concentrations in the range
5-1500 ppmv in the lab or on the ground, and 2-30 ppmv in airborne studies. Figure 3 in
Christian et al. (2003) or Figures 2-4 in Yokelson et al. (2008) show that field samples meeting
the above “freshness criteria” can often return similar emission factors for trace gases when
compared to lab studies at the same MCE. Laboratory fires sometimes tend to burn with a
different average MCE than fires in similar fuels burning in the natural environment, but this can

be accounted for as described in Yokelson et al. (2008).

Another important consideration for field studies is that smoldering combustion can produce

unlofted smoke with low MCE that is not amenable to airborne sampling. Ground-based
10



sampling can measure these sometimes substantial emissions, but realistic estimates of the
biomass consumption contributing to the two different types of smoke are needed to properly

weight the ground-based and airborne measurements (Christian et al., 2007).

2.6 Application of terminology to a field campaign

All of the aforementioned definitions and terminology are important when interpreting
“real” data from the field. The upcoming chapter applies the methodologies and terms discussed
here to assess prescribed fire emissions from the South Carolina Regional Emissions and Aging

Measurements (SCREAM) campaign.
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CHAPTER 3: SOUTH CAROLINA REGIONAL EMISSIONS AND AGING
MEASUREMENTS (SCREAM) CAMPAIGN

3.1 Introduction

On a global scale, biomass burning is thought to be the largest source of primary fine
carbonaceous particles in the atmosphere and the second largest source of total trace gases
(Crutzen and Andreae, 2000; Bond et al., 2004; Akagi et al., 2011). In the southeastern U.S. and
to a lesser extent in other parts of the U.S. and other countries, prescribed fires are ignited to
restore or maintain the natural, beneficial role that fire plays in some desirable, fire-adapted
ecosystems and to reduce wildfire risk and smoke impacts by consuming accumulated fuels
under “safe” weather conditions where smoke dispersion can be at least partially controlled
(Biswell 1989; Hardy et al., 2001; Carter and Foster, 2004; Keeley et al., 2009; Wiedinmyer and
Hurteau, 2010; Cochrane et al., 2012). On many southeastern U.S. wildland sites, land managers
will implement prescribed burning every 1-4 years under conditions where fuel consumption is
expected only in understory fuels and the forecast transport is such that smoke impacts should be
minimized. However, despite land managers best efforts, prescribed fires, along with wildfires,
do impact local to regional O3, air quality, health, and visibility in the southeastern U.S. and
elsewhere (McMeeking et al., 2006; Pfister et al., 2006; Park et al., 2007). Thus, an important
element of optimizing land-use strategies for ecosystem health, climate, and human health
requires is a detailed knowledge of the chemistry, evolution, and health effects of smoke

(Rappold et al., 2011; Roberts et al., 2011).
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The work reported here is the last field deployment in a series of DoD funded measurements
of the emissions from southeastern U.S. prescribed fires (Burling et al., 2010; 2011; Yokelson et
al., 2012), otherwise known as the South Carolina Regional Emissions and Aging Measurements
(SCREAM) campaign. The major feature of this last study was to expand the scope of
measurements to include: (1) emissions data for fires in additional important fuel types as well as
fires that burned in forest stands with a broader range of management histories, (2) post-emission
plume evolution data on days with different solar insolation and on one day with significant
mixing of urban and fire emissions, and (3) addressing all these topics with a significantly
expanded suite of instrumentation. The expanded range of relevant prescribed fire conditions we
sampled involved several aspects. The previous pine-forest understory-fire measurements in this
overall study had been made in February and March of 2010 after a prolonged period of high
rainfall and in loblolly pine stands with a history of frequent prescribed fire. Through
collaboration with Fort Jackson, in this final phase of the study we were able to sample the
emissions from pine-forest understory fires in longleaf pine stands that had not been previously
subjected to frequent prescribed fires. The lower historical frequency of prescribed fire
contributed to denser stands with a higher ratio of litter/shrubs in the understory fuels. Further,
the fires reported here occurred during the Fall 2011 prescribed fire season before the region had
fully recovered from a prolonged summer drought. Thus, we did not isolate the effect of any one
variable, but did very significantly increase the range of germane conditions under which
prescribed fire emissions were measured. Plume evolution data could not be acquired during the
Spring 2010 prescribed fire measurements in pine-forest understory fires, due primarily to air-

space restrictions. In this study we did have access to the downwind plume on 4 of the 7 fires and
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we measured photochemical changes on one day with thick cloud cover and three days with high
solar insolation that included one day that featured mixing of fire emissions with the urban
plume from the Columbia, SC metro area. The suite of instruments was very significantly
expanded for the final deployment reported here. The Spring 2010 emissions data were produced
by airborne and ground-based FTIR (AFTIR and LAFTIR, respectively) and an airborne
nephelometer to estimate PM, 5 (Burling et al., 2011). In the work reported here, the trace gas
measurements were supplemented by whole air sampling (WAS) on the ground and in the air
and by a long-open-path, telescope based FTIR system (OPAG) deployed on the ground on the
fire perimeter at selected locations. The airborne measurements were augmented by a suite of
aerosol instrumentation including: a high-resolution time-of-flight aerosol mass spectrometer, a
single particle soot photometer, and a particles into liquid sampler (PILS) interfaced to a total
organic carbon analyzer. In addition, the U.S. Environmental Protection Agency (EPA) deployed
a suite of trace gas and particle analyzers on mobile all-terrain vehicles and fuel consumption

and fire-spread rates were documented at several locations.

In this work we report the measurements obtained by AFTIR, LAFTIR, and WAS, which
sampled trace gases in either well-lofted or initially unlofted emissions. The airborne aerosol
measurements will be reported separately along with recent, previously unpublished aerosol data
obtained with similar instrumentation on simulated fires in a laboratory. Both the OPAG and
EPA data were sensitive to a mix of unlofted emissions and emissions that were similar to the
lofted emissions, but temporarily accessible to ground-based sampling when redirected by wind

gusts. The OPAG and EPA data will also be reported and interpreted separately.
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3.2 Experimental

3.2.1 Airborne Fourier transform infrared spectrometer (AFTIR)

The AFTIR on the Twin Otter was similar in concept to AFTIR instruments flown from
1997-2010 and described elsewhere (Yokelson et al., 1999; Burling et al., 2011). However, the
2011 version of AFTIR featured several hardware changes including the deployment of a Bruker
Matrix-M IR Cube FTIR spectrometer. The FTIR was operated at a spectral resolution of
0.67 cm™ (slightly lower than the previously used resolution of 0.5 cm™) and four spectra were
acquired every 1.5 seconds with a duty cycle > 95%. The f-matched exit beam from the FTIR
was directed by MgF,-coated, silver, flat mirrors into a closed-path doubled White cell (IR
Analysis) permanently aligned at 78 m. The exit beam from the cell was directed by similar
optics back into the FTIR, which contained an internal, wide-band, LN-cooled, MCT detector.
A forward-facing halocarbon wax coated inlet (25 mm i.d.) opening 30 cm above the top of the
leading edge of the aircraft cabin ceiling directed ram air into a 25 mm diameter PFA
(perfluoroalkoxy) tube that conducted the air to the White cell. The noise level for the four scans
co-added every 1.5 seconds was ~0.0004 absorbance units, which allowed CO and CH, to be
measured in near “real time” with about 3-5 ppb peak to peak noise. Peak to peak noise for CO,
operating in this manner was about 1 ppm. The temporal resolution with the valves open was
actually limited by the cell 1/e exchange time of about 5-10 s at typical Twin Otter sampling
speeds of ~40-80 m s, Fast-acting, electronically activated valves located at the cell inlet and
outlet allowed flow through the cell to be temporarily halted so that more scans could be
averaged of “grab samples” to increase sensitivity. Averaging ~100 scans (150 s) of a “grab

sample” reduced peak to peak noise to ~0.00003 absorbance units providing e.g. a methanol
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detection limit better than ~400 pptv (SNR = 1). At times we averaged scans obtained with the
control valves open, which gave SNR dependent on the time to transect the plume. AFTIR
sensitivity is also impacted by interference from water vapor, which is highly variable. In general
the sensitivity has improved up to a factor of 30 depending on the spectral region since the first
prototype AFTIR system was flown in 1997-2006 and detection limits for the compounds we
report (see list below) other than CO, ranged from the hundreds of ppt to ten ppb for NO and
NO; where the gain in SNR was partially canceled by the decreased resolution. Total weight and

power requirements for the AFTIR system remained at 136 kg and 160 W, respectively.

The averaged sample spectra were analyzed either directly as single-beam spectra, or as
transmission spectra referenced to an appropriate background spectrum, via multi-component fits
to selected frequency regions with a synthetic calibration non-linear least-squares method
(Burling et al., 2011; Griffith, 1996; Yokelson et al., 2007a). The fits utilized both the HITRAN
(Rothman et al., 2009) and Pacific Northwest National Laboratory (PNNL) (Johnson et al., 2006;
Johnson et al., 2010; Sharpe et al., 2004) spectral databases. As an example, a measured smoke
absorbance spectrum (red) overlaid with a reference spectrum for limonene (blue) is shown in
Fig. 3.1a, where we see strong evidence of limonene absorption in this sample. However, due to
overlapping features from multiple compounds, traditional single-peak analysis techniques
cannot be used to quantify the contributions of individual species. In Fig. 3.1b our multi-
component fit analysis technique has been used to generate the mixing ratios of limonene and
other species that absorb in this spectral window. Fig 3.1b shows a typical spectral fit (blue)
overlaid the measured spectrum (red) from Fig 3.1a (note the unknown compound appearing at

882 cm™).
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Figure 3.1. (a) A measured spectrum (red) overlaid with a limonene reference spectrum (blue).
We see strong evidence of limonene in this sample, along with evidence of various other species.
(b) A measured absorbance spectrum (red) and a fitted spectrum (blue) overlaid, with the
residual shown above (aqua). MALT was used to generate concentrations of limonene, along
with other absorbing species in this wavelength range as shown beneath.
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As an exception to the fitting process, NO and NO, only were analyzed by integration of
selected, isolated peaks in the absorbance spectra. In all, the following gases were quantified and
accounted for most of the features observed in the smoke spectra: water vapor (H,0), carbon
dioxide (COy), carbon monoxide (CO), methane (CHy), nitric oxide (NO), nitrogen dioxide
(NO,), ammonia (NHs3), hydrogen cyanide (HCN), nitrous acid (HONO), peroxy acetyl nitrate
(PAN, CH3C(O)OONO,), ozone (O3), glycolaldehyde (HOCH,CHO), ethylene (C,H,), acetylene
(C2Hy), propylene (CsHs), limonene (C1oH1g), formaldehyde (HCHO), 1,3-butadiene (C4Hs),
methanol (CH3OH), furan (C4H40), phenol (CsHsOH), acetic acid (CH3COOH), and formic acid
(HCOOH). The spectral retrievals were almost always within 1% of the nominal values for a
series of NIST-traceable standards of CO,, CO, and CH,4 with accuracies between 1 and 2%. For
NH; only, we corrected for losses on the cell walls as described in Yokelson et al. (2003). The
excess mixing ratios for any species “X” in the plumes (denoted AX, the mixing ratio of species
“X” in a plume minus its mixing ratio in background air) were obtained directly from the
absorbance or transmission spectra retrievals or by difference between the appropriate single

beam retrievals for H,O, CO,, CO, and CHa,.

3.2.2 Land-based Fourier transform infrared spectrometer (LAFTIR)

Ground-based FTIR measurements were made with our mobile, battery-powered Fourier
transform infrared spectrometer (Christian et al., 2007; Figure 3.2). This easily transportable,
self-powered system can be wheeled across varied terrain to access remote smoke sampling sites.
The vibration-isolated LAFTIR optical bench holds a MIDAC 2500 spectrometer with an LN,

external detector. IR radiation is directed in and out of a multipass White cell (Infrared Analysis,
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Inc. 16-V; 11.35 m pathlength) via transfer and focusing optics (Janos Technology). Sample air
is drawn into the cell by an onboard DC pump through several meters of 0.635 cm o.d.
corrugated Teflon tubing. Two manual Teflon shutoff valves allow trapping of the sample in the

cell while IR spectra are collected (for signal averaging).
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Figure 3.2. The LAndbased Fourier Transform Infrared Spectrometer (LAFTIR) used during the
South Carolina Regional Emissions and Aging Measurements Campaign.

Temperature and pressure inside the White cell are monitored and logged in real time (Minco
TT176 RTD, MKS Baratron 722A, respectively). Additional onboard features include a laptop
computer, A/D and AC/DC converters, and a 73 amp hour 12V battery. The FTIR was operated
at 0.50 cm™ and three scans were co-added every 1.15 seconds (with a duty cycle of about 38%).

Smoke or background samples were typically held in the cell for several minutes while ~100-200
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spectra were collected at ~1 Hz that could later be signal averaged. The spectral quantification
method was essentially the same as that used in the AFTIR analysis. Signal averaged, grab
sample, single beam spectra were analyzed directly for H,O, CO,, CO, and CH,4 and referenced
to appropriate background spectra to analyze for the following gases: NH3, HCN, C,H,, CoHa,
CsHg, HCHO, CH30H, CH3COOH, CgHsOH, C4H40, C1oH16, and C4Hg. The new software
enabled us to correct for NH3 losses on the pyrex cell walls during storage for the first time with
the LAFTIR system, which increased the LAFTIR NHj retrievals in this study by about 40% on
average (Yokelson et al., 2003). It is not clear if this increase should be applied to older NH3
retrievals from LAFTIR since the cell previously had a Teflon coating, which was unfortunately
unstable and removed for this mission. Due mostly to a relatively shorter pathlength (compared
to the airborne FTIR system, see previous section), the LAFTIR detection limits ranged from
~50-200 ppb for most gases, which is sufficient for detection of many species as much higher
concentrations are sampled on the ground than in lofted smoke (Burling et al., 2011).
Comparisons to the NIST-traceable standards for CO, CO,, and high levels of CH, were usually
within 1-2%, and comparison to the low calibration for CH,4 (1.493 ppm) was within 6%. Several
compounds observed by the AFTIR system (formic acid, glycolaldehyde, PAN, Oz, NO, NO,,
and HONO) were below the detection limits of the ground-based system. Finally, in several

LAFTIR spectra a prominent peak was seen at 882.5 cm™ that we could not assign.

3.2.2.1 Instrument upgrades

Several upgrades to the FTIR in the system originally described by Christian et al. (2007)
were incorporated for this mission. Starting at the IR source, a current limiting resistor in series

with the source was removed in order to produce a greater output of photons. This increases
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signal levels because absorbing the same percentage of a greater number of photons results in
larger peaks. Next, an adjustable spherical mirror was mounted behind the source in order to
capture a large solid angle of the photons initially directed away from the interferometer. These
photons would be lost without the spherical mirror to “redirect” them towards the interferometer
optics, which would ultimately result in a reduced amount of photons reaching the detector, and
thus, a reduction in signal. A custom designed aperture was made and mounted to increase
spectral resolution. Because our collimated source output beam has some divergence, some light
travels different distances through the interferometer. The different path lengths cause peak
broadening. This aperture was placed in front of the source and at the focal point of the spherical
mirror to block “off-axis” rays and reduce the beam divergence. Too small an aperture blocks too
many photons and decreases signal levels. Too large an aperture allows unacceptable peak
broadening, which results in overlap between adjacent peaks and more susceptibility to chemical
interference. An ideal aperture hole size of about 2 mm increased resolution sufficient for
various spectral retrievals with a small acceptable increase in spectral noise. Our experiments
showed that placing the aperture at the focal point of the spherical mirror optimized the
resolution/signal trade-off much better than placing the aperture at other system focal points (e.g.
the entrance to the white cell). This is likely because the spherical mirror had a 2” focal length,
whereas the off-axis parabolic mirror focusing into the white cell had a 8” focal length to avoid
overfilling the first objective mirror. Shorter focal length optics have a better defined focal point.
Further, a smaller aperture offers better control of scattered light. Additionally, we consulted
with the manufacturer (MIDAC) regarding options for increasing the scan rate of the moving

mirror. By removing the interferometer from the chassis and adjusting several jumpers we were
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able to increase the mirror drive board speed from 59 kHz to 234 Hz, thus scanning the moving
mirror four times as fast. We were the first customer to determine the fastest mirror speed
compatible with the data acquisition electronics. The spectrometer now averages three scans in
roughly 1 s instead of one scan in 1 s (there is not a direct relationship between scanning speed
and the number of scans given system signal processing downtime requirements). Having three
times as many scans per unit time increases the S:N per unit time by almost a factor of two
(square root of 3). Other manufacturer upgrades were made including a dual ADC, providing
improved vertical resolution of the interferogram peaks. The zero path difference (ZPD) peak
sets the high end of the voltage range, and all smaller peaks cannot be as well defined with a

single ADC. This is because the voltage increments are fixed as the total voltage range divided

by 2'° (or 65536), which is the smallest voltage increment the ADC can resolve.

Figure 3.3. (a) MIDAC Spectrometer, and (b) Adjusting the spot pattern for optimal pathlength
and alignment of the IR beam into and out of the cell.
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With the additional ADC, we can “zoom in” on the portion of the interferogram where the
structure is very small and we can we can now resolve that structure with smaller (and more
appropriate) voltage increments. This means the amplitude of small peaks (near detection limits)
in the spectra is more accurately measured, which results in more accurate measurements of the
amount of substance. The LAFTIR cell badly needed repairs. It was completely dis-assembled
and cleaned with soapy water and then solvents and distilled water to remove all the residual
smoke that had adhered to the cell walls. The old Teflon coating had deteriorated and was
starting to peel off and block the optical path. It was removed from the cell walls for this
campaign. Next, the cell was reassembled and realigned using a laser to set the spot pattern (e.g
align at the desired path length, See Fig 3.3b). Another step before the field campaign was to
adjust the interferometer optics to maximize the signal (number of photons reaching the
detector). Lastly, the new larger MIDAC chassis was remounted on the optical bench with the
help of the machine shop at the US Forest Service Fire Sciences Laboratory. This required dis-
assembling the system and remounting several other components. Example of S:N before and
after our improvements can be seen in Fig 3.4, where the work described above reduced spectral

noise by a factor of ~3.
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Figure 3.4. Two LAFTIR absorbance spectra acquired before (red) and after (blue) instrument
upgrades. The 2450-2600 cm™ noise region is shown, which is typically void of absorbing
species. The spectrum shown in blue shows lower noise by a factor of ~3.

3.2.3 Whole Air Sampling (WAS) Canisters

WAS canisters were filled both on the ground and from the Twin Otter to measure an
extensive suite of gases, mostly non-methane organic compounds (NMOCs). The
electropolished, stainless steel canisters were conditioned for field use via a series of pump-and-
flush procedures. Sampling was manually controlled and involved allowing the evacuated
canisters to fill in ~10-20 s to ambient pressure in background air or various smoke plumes
accessed on the ground. On the ground, the WAS samples were obtained in more dilute portions
of the plumes than sampled by LAFTIR since the subsequent pre-concentration step could

otherwise cause a non-linear detector response (Hanst et al., 1975; Simpson et al., 2011). In the
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aircraft, the canisters were filled to ambient pressure directly from the AFTIR multipass cell via
a dedicated Teflon valve and connecting tube after IR signal averaging was complete. During the
SCREAM campaign we collected 4 WAS canisters from the ground and 4 from the air (1
background and 3 smoke samples per platform per fire) on each of the first three fires (Block 6,
Block 9b, and Block 22b). All 24 canisters were sent to UC-Irvine for immediate analysis of 89
gases: CO,, CHg, CO, carbonyl sulfide (OCS), dimethyl sulfide (DMS), carbon disulfide (CS,),
and 83 NMOCs by gas chromatography (GC) coupled with flame ionization detection (FID),
electron capture detection (ECD), and quadrupole mass spectrometer detection (MSD). Every
peak of interest on every chromatogram was individually inspected and manually integrated. The
GC run times were extended to target quantification of limonene, which was suspected to be an
important smoke constituent based on previously incompletely assigned features in the IR
spectrum of smoke (Yokelson et al., 1996) and the recent observation of high levels of other
monoterpenes in smoke (Simpson et al., 2011). In addition, other prominent peaks in the
chromatograms were observed, assigned, and quantified for species not in the suite of
compounds usually analyzed by UC-Irvine. Additional details on WAS preparation, technical

specifications, and analysis protocols can be found in Simpson et al. (2011).

3.2.4 Other measurements on the Twin Otter

The instruments below are discussed in full elsewhere (McMeeking et al., 2012). In this

paper we present a short overview and we briefly compare to some of the organic aerosol data.
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3.2.4.1 Aerosol mass spectrometer (AMS)

An Aerodyne high resolution time-of-flight (HR-ToF) aerosol mass spectrometer (AMS)
was used to measure aerosol chemical composition. An isokinetic particle inlet sampling fine
particles with a diameter cut-off of a few microns (followed directly by a PM; cyclone in line)
supplied the AMS, a particles into liquid sampler (PILS), and a single particle soot photometer
(SP2). The AMS data were processed with a ToF-AMS Analysis Toolkit in Igor Pro 6
(Wavemetrics, Lake Oswego, OR) to retrieve the mass concentration at STP (ug sm*, 273K, 1
atm) for the major non-refractory particle species: organic aerosol (OA), non-sea salt chloride,
nitrate, sulfate, and ammonium. The AMS has been described in full detail elsewhere (Drewnick

et al., 2005; Canagaratna et al., 2007).

3.2.4.2 Single particle soot photometer (SP2)

Refractory black carbon (rBC, pg sm™) was measured using a single particle soot
photometer (SP2) described in Stephens et al. (2003). The isokinetic particle inlet/cyclone that
supplied the AMS was followed by a three-way splitter and also supplied the SP2 with carefully
matched flow rates. Particles were drawn through a 1064 Nd:YAG laser cavity where scattered
light was measured by two avalanche photodiode detectors. Sufficiently light —absorbing
particles (at 1064 nm) were heated to vaporization and the emitted incandescent light was
detected by two photomultiplier tubes with optical filters to measure light over two wavelength
ranges. The incandescence signal was related linearly to rBC mass, regardless of the presence or
type of rBC coating (Moteki and Kondo, 2007). The sample flow into the SP2 was diluted with
filtered air at a ratio of 7:1 for smoke plume samples near the fire source, while a dilution of

0.35:1 was used for the less concentrated downwind samples. The SP2 data products were
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collected at >1 Hz and later averaged as needed to match the sampling rates of the other

instruments.

3.2.4.3 Particle into liquid sampler- total organic carbon (PILS-TOC)

A fraction of the particles that passed through the aerosol inlet, and the cyclone with a PM;
cutoff, were then directed by a third branch of the splitter through an activated carbon denuder.
Steam was then introduced and aerosol was captured in water droplets, and liquid samples were
obtained via syringe pumps, providing 2-s integrated measurement of water-soluble organic
carbon (WSOC) present in ambient aerosol. A fraction collector was integrated into the PILS-
TOC system and automatically collected separate, 2-min samples from the PILS. Vials were later
analyzed in the CSU laboratory for smoke markers, (levoglucosan and other carbohydrates) by
high-performance anion-exchange chromatography- pulsed amperometric detection, or HPAEC-
PAD). This method has a low detection limit of < ~0.1 ng m™ for carbohydrate analysis. Samples

were also analyzed for anions and cations by anion/cation-exchange chromatography.

3.2.4.4 Other airborne measurements

Measurements of the aircraft position, ambient three-dimensional wind velocity,
temperature, relative humidity, and barometric pressure at 1-Hz were obtained with a wing-
mounted Aircraft Integrated Meteorological Measuring System probe (AIMMS-20, Aventech
Research, Inc.) (Beswick et al., 2008). This data allowed calculation of the time since smoke

samples were emitted.
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3.2.5 Calculation of excess mixing ratios, normalized excess mixing ratios

(NEMR), emission ratios (ER), and emission factors (EF)

Excess mixing ratios for FTIR species were calculated following the procedure in Sect.
3.2.1. Excess mixing ratios for WAS species were obtained by subtracting WAS background
values from WAS plume values. The normalized excess mixing ratio (NEMR) is calculated for
all instruments by dividing AX by the excess mixing ratio of a long lived plume “tracer” AY
measured in the same sample as “X.” The normalizing species is usually ACO or ACO, and a
NEMR can be measured anywhere in the plume. NEMRs collected at the source of a fire are
equivalent to an initial molar emission ratio (ER) at the time of measurement. The ER has two
important uses: (1) Since the CO or CO, tracers dilute at the same rate as the other species,
differences between the ERs and the NEMRs measured downwind can sometimes allow us to
quantify post-emission chemical changes. (2) The ER can be used to calculate emission factors

(EF). Details of these two uses are described below.

In this study, downwind data was only collected in the aircraft and the ER obtained while
the aircraft was sampling the source did not follow clear, time-dependent trends. Thus we
combined all the source samples collected from each fire to compute a single fire-average initial
emission ratio (and 1-c standard deviation) for each fire. The fire-average ER was subsequently
used both to calculate EF and as our best estimate of the starting conditions in the plumes. We
computed the fire-average ERs from the slope of the linear least-squares line with the intercept
forced to zero when plotting AX against AY (Yokelson et al., 1999) for all X/Y pairs from the
fire. The intercept is forced to zero since the background concentration is typically well known
and variability in the plume can affect the slope and intercept if the intercept is not forced. This
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method heavily weights the large excess mixing ratios that may reflect more intense combustion
(relative to other source samples) and that were collected with higher signal-to-noise. FTIR and
WAS excess mixing ratios were combined in the calculation of ER if a species was measured by

both techniques.

For any carbonaceous fuel, source ERs can be used to calculate emission factors (EF)
expressed in grams of compound emitted per kilogram of biomass burned (on a dry weight
basis). A set of ER obtained at any point during the fire could be used to calculate a set of EFs
relevant to the time of the sample. In this study though we use the fire-average ER, obtained as
described above, to calculate a single set of fire-average EFs for each fire using the carbon mass-

balance method (Yokelson et al., 1996; 1999), shown below (Equation 1).

MM C
Lx = Eq. 1
MM¢ Cr

EF(I;ig)=FC X

Where F. is the mass fraction of carbon in the fuel (in this study we assume a 50% carbon
content by mass (dry weight) when a measured value is not available, except for organic soils
and dung, where the carbon content of biomass normally ranges between 45 and 55%; Susott et
al., 1996; Yokelson et al., 1997; McMeeking et al., 2009; Ebeling and Jenkins, 1985), MMy is the
molecular mass of compound X, MMc is the molecular mass of carbon (12.011 g/mol), and
Cx/Cr is the number of emitted moles of compound X divided by the total number of moles of
carbon emitted. The carbon mass balance method is most accurate when the fraction of carbon in
the fuel is precisely known and all the burnt carbon is volatilized and detected. Based on
literature values for similar fuels (Susott et al., 1996; Burling et al., 2010) we assumed a carbon

fraction of 0.50 by mass on a dry weight basis for the fuels that burned in SCREAM. The actual
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fuel carbon fraction likely varied from this by less than 5-10% of this value. EF scale linearly
with the assumed fuel carbon fraction. Total emitted C in this study was determined from the
sum of the C from AFTIR species and WAS species. This sum could underestimate the total
carbon by 1-2% due to unmeasured C. That would lead to a slight, across the board overestimate

of our calculated EF by a factor of 1-2% (Akagi et al., 2011).

The emissions from flaming and smoldering processes differ and we use the modified
combustion efficiency (MCE, ACO,/ACO+ACO,) to describe the relative contribution of each of
these combustion processes, where higher MCE’s indicate more flaming combustion (Ward and
Radke, 1993; Yokelson et al., 1996). Pure flaming has an MCE near 0.99 while the MCE of
smoldering varies over a larger range (~0.65-0.85). Since MCE is an indicator of the relative
amount of flaming and smoldering combustion, it often correlates reasonably well with EF (Fig.
4.3 in Ward and Radke, 1993; Fig. 3 in Yokelson et al., 2008). Generally, the MCE dependence
of “EF(X)” for a fire type allows calculation of a specific EF(X) for any measured or assumed

MCE (Akagi et al., 2011).

3.2.6 Site descriptions

For each of the seven prescribed fires sampled in this study, Table 3.1 shows some available
details regarding the fuels, weather, size, location, etc. The three prescribed fires of 30 Oct, 1
Nov, and 2 Nov 2011 (referred to as Blocks 6, 9b, and 22b, respectively) were located on the
Fort Jackson (FJ) Army Base northeast of Columbia, South Carolina (SC). The overstory

vegetation consisted primarily of mature southern pines, including longleaf pine (Pinus palustris)
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and loblolly pine (Pinus taeda), both of which are native to the southeastern U.S. High density
pine areas had high canopy closure and limited understory vegetation with a thick litter layer
(mostly pine needles). Lower density pine areas had scrub oak and other deciduous and
herbaceous vegetation (i.e. grasses) as significant components of the understory. Sparkleberry
(Vaccinium arboretum) was particularly significant intermixed with mature pine in Block 9b.
Some additional information on the fuels for the Fort Jackson fires is available from one author
(J. Reardon). For the other fires we had to rely on observations from the air and the limited

information available is shown in Table 3.1.
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Table 3.1. Fire name, location, date, fuels description, size, atmospheric conditions, and burn history of fires sampled in this work.

Fire Name Location Date Veg Description Area Temperature Relative Windspeed Atmospheric Burn history? Latitude Longitude
Burned (°C) Humidity (ms?h conditions (°N) (°w)
(ha) (%RH)
Fort Jackson 30 Oct  Block 6, mature long leaf 0.14" rain Last burned
Block 6 SC 2011 pine 61.9 8-16 64 3-5 previous 1957 34°1'29 80°52'16
morning
Fort Jackson 1 Nov Block 9b, mature long Mixing height Last burned
Block 9b ' ' 36.0 9-18 58-69 34 5400 ft. Clear 34°0'15"  80°52'37"
SC 2011 leaf, sparkleberry skies 1956
Block 22b, mature long L.
Fort Jackson, 2 Nov ! N i Clear, Mixing Last burned J— I
Block 22b SC 2011 leaf, loblolly and 28.7 13-18 70 (avg) 2-3 height 3800 ft. 2003 34°5'4 80°46'23
heartwood
Pine Near North 2 Nov Plantation fire, loblolly _ N o AiAA -
Plantation AFB, SC 2011 pine debris nd 19 71 (avg) 2-3 Sunny/clear nd 33°34'46 81°9'55
Georgetown, 7 Nov SC coastal grass N ) 0qoign ongign
Georgetown SC 2011 understory fire 63.9 20-22 74 (avg) 4-45 Sunny/clear nd 33°12'9 79°24'6
Francis Georgetown, 8 Nov  Loblolly pine understory N : R onoio AN
Marion SC 2011 (Francis Marion) 141.6 19-21 83 (avg) 0.5-3 Sunny/clear nd 33°12'55 79°28'34
10 Nov longleaf/loblolly pine i N i Cloudy with rain o I
Bamberg Bamberg, SC 2011 understory 36.4 16-21 71 (avg) 2-3 at end of flight nd 33°14'5 80°56'41
nd = no data
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3.2.7 Airborne and ground-based sampling approach

The first three prescribed burns (Blocks 6, 9b, and 22b) were part of a collaboration with the
forestry staff at Fort Jackson Army Base. Advance notice was provided on all of the fires. The
LAFTIR ground-based sampling protocol was similar to that described in Burling et al. (2011).
Backgrounds were acquired before the fire and burns were ignited in the late morning. Ground-
based sampling access was sometimes precluded during ignition, but sampling access then
continued through late afternoon until the fire was effectively out. During post-ignition access,
numerous point sources of residual smoldering combustion (RSC) smoke were sampled by the
mobile LAFTIR system minutes to hours after passage of a flame front. The spot sources of
white smoke included smoldering stumps, fallen logs, litter layers, etc., and they contributed to a
dense smoke layer usually confined below the canopy. Point sources were usually sampled
repeatedly to quantify their variability. Four WAS canisters were collected on the ground at each
Fort Jackson fire (one WAS canister was always collected prior to ignition as a background and
three were of RSC point sources also sampled by the LAFTIR system). Table 3.2 shows the RSC
fuel types sampled on the ground on the Fort Jackson fires and Figure 3.5 illustrates two of these
fuels. The OPAG and EPA sampling protocols had some differences with the LAFTIR. The
OPAG was set up before the fire with an approximately 30 m optical path on a pre-selected
portion of the fire perimeter. Spectra collected before ignition served as backgrounds and after
ignition the OPAG sampled both unlofted RSC emissions and lofted emissions that were
fortuitously directed through the path by wind gusts. The EPA ground-based mobile samplers
actively sought the most intense combustion they could safely sample with the benefit of
respiratory protection.
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Table 3.2. Unique ground-based fuels
sampled by LAFTIR from Blocks 6, 9b,
and 22b at Fort Jackson, SC.

Fuel type # of Samples
Dead/down debris

Stump

Litter
Fatwood
Slash pile

9
3
Live tree base 2
4
2
1

Figure 3.5. Photographs of some of the fuels
sampled in this work that are major contributers to
residual smoldering emissions including (a) a live
tree base, and (b) dead/down debris.

The airborne sampling of the Fort Jackson fires proceeded as follows. In general, mid-
morning take-offs enabled us to sample pre-fire backgrounds and initial emissions for as long as
the fire produced a convection column that exceeded several hundred meters in height.
Afternoon flights were conducted to complete sampling the initial emissions if necessary and to
search for and sample the fire emissions downwind (Fig 3.6, 3.7, and 3.8). The plumes diluted
rapidly near the top of a somewhat hazy mixed boundary layer due to variable winds. Thus, of
the Fort Jackson fires, it was only possible to locate the downwind plume and obtain much
quality downwind data on the Block 9b fire (1 Nov, research flights number 3 and 4 (RF03 &
RFO04 in Fig. 3.7)). The prevailing winds on 1 Nov directed the plume over the Columbia metro
area, an airport and a powerplant, thus mixing of smoke with fossil fuel emissions was
unavoidable. The plume from the Block 22b fire directly entered a large restricted area and could
not be subsequently re-located. However, while searching for the downwind plume we located

an active fire on a pine plantation about 40 km south of Columbia (Table 3.1). The Pine
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Plantation fire generated a GOES hotspot from 13:02:00-17:15:00 LT and thus our samples at

~16:42 LT may have been collected towards the end of the fire.

82°W 81°W 80°W 79°W

e M Ry BT L X
SCREAM Fire Locations

o
® Hotspot ’X
A Power Plant ‘N
| — RF01
i — RF02
| — RrF03
|| —— RF04
|| — RrFos

~ RF06
—— RF07
— RF08
— RF09

60

Figure 3.6. Overview of all flight tracks in the South Carolina regional emissions and aging
measurements (SCREAM) study. “RF” indicates research flight and the dates of each research
flight are shown in Table 3.3 except for RF06, which sampled urban emissions only on 5 Nov.
“Hotspots™ are the MODIS thermal anomalies from 30 Oct to 10 Nov, 2011. Of the seven fires
sampled in this study, only the pine plantation fire was detected as a hotspot. Due to a GPS
malfunction, the 10 Nov flight track is at 2-min resolution retrieved from the USFS automated
flight following system.
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Figure 3.7. Detailed flight track and AFTIR downwind sample locations for the Twin Otter
aircraft during RFO3 (pink) and RF04 (black), which sampled the Block 9b fire at Fort Jackson
on 1 Nov 2011. (The hotspot, which appears to intersect RF03 is actually from the pine

plantation fire sampled on 2 Nov.)
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Figure 3.8. Detailed flight tracks and AFTIR downwind sample locations for the Twin Otter
aircraft during RFO7 (red) and RF08 (black) on 7 and 8 Nov, sampling the Georgetown and
Francis Marion fires, respectively.

After completing the collaboration with Fort Jackson on 2 Nov we were able to conduct
airborne sampling of additional fires on 7, 8, and 10 Nov (Georgetown, Francis Marion, and
Bamberg Fires, respectively), via notification by the South Carolina Forestry Commission
dispatch office. These fires were further from our base in Columbia and the Twin Otter typically
arrived after the fire had been in progress for 0.5 to 1.0 hours (ground-based sampling was not
feasible due to long travel times and short notice). The airborne sampling of these fires initially
focused on the source emissions. After ~1-1.5 hours of repeatedly sampling the source, we

would then cross the plume at increasing large downwind distances until it could not be
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differentiated from background with our instruments. We then repeated the crossing pattern in
reverse or returned directly to the source approximately along the plume center-line depending
on conditions (see Figure 3.8). The plumes from these three fires also diluted rapidly in the
boundary layer to form broad “fan-shaped” plumes under the influence of light and variable

winds. We obtained quality downwind data on all three of these fires.

On all the fires during SCREAM, the AFTIR excess mixing ratios in the smoke plume grab
samples were obtained from subtraction of background grab samples taken just outside the
plume at a similar pressure and time. To measure the initial emissions from the fires, we sampled
smoke less than several minutes old by penetrating the smoke column 150 to several thousand
meters from the flame front. The goal was to sample smoke that had already cooled to the
ambient temperature since the chemical changes associated with smoke cooling are not explicitly
included in most atmospheric models. This approach also sampled smoke before most of the
photochemical processing, which is explicitly included in most models. More than a few
kilometers downwind from the source, smoke samples have usually already undergone
noticeable photochemical aging (e.g. Oz and PAN formation). Thus, this smoke is better for
probing post-emission chemistry than estimating initial emissions (Akagi et al., 2012; Trentmann
et al., 2005). We attempted to acquire downwind plume samples near the plume centerline by
monitoring the AFTIR CO lines in real time, but due to the broad dilute plumes we sometimes
acquired downwind samples near the plume edges (Fig. 3.8). Thus, as an experiment, for most of
the downwind sampling on 10 Nov (Bamberg fire) we ran the AFTIR continuously with the
valves open while maintaining a constant flight altitude. The idea was that the relatively long

downwind plume transects orthogonal to the plume would have similar temperature, pressure,
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and age and could be averaged together to create a “sample” without the need to identify a plume
maximum. The averaged sample spectra obtained this way typically had about half the SNR of
averaged sample spectra collected with the valves closed. Estimated times since emission, or
smoke “ages”, were calculated for all the downwind samples by first calculating the average
windspeed for incremental altitude bins of 100 m above mean sea level (a.m.s.l.). The smoke
sample distance from the plume source was then divided by the average windspeed at the sample

altitude.

3.3 Results and Discussion

3.3.1 Initial emissions

As mentioned above, FTIR and WAS samples were combined in the calculation of fire-
average emission ratios for species measured by both techniques from airborne and ground-based
platforms. Good agreement (within 20%) was observed when ER were instead calculated by

each technique independently as shown in Figures 3.9a and 3.9b.

39



0.25

y = 3.92E-02x (a)
Rz = 9.58E-01
0.20 - ®

0.15 -

0.10 -

Excess CH, (ppm)

O AFTIR
0.05

®WAS

0.00 f . . .
0 2.0 4.0 6.0

-0.05 - Excess CO (ppm)

140 1y = 1 274E-01x (b)

120 - Rz =8.717E-01

=
D 0 O
o O O
1 1 1

®LaFTIR

% ®WAS
(]

0 200 400 600 800 1000
Excess CO (ppm)

Excess CH, (ppm)
D
o

N
o
1

o

Figure 3.9. Emission ratio plots for ACH4/ACO from (a) the AFTIR cell and (b) independent
RSC targets on the ground from burn blocks 6 and 9b, respectively. Black circles denote samples
collected by FTIR and red circles denote samples that were collected by WAS on the indicated
fires.

The majority of ER plots show good correlation with CO as the reference species. However,
the LAFTIR ground-based measurements showed greater scatter compared to airborne

measurements, as the individual contributions from fuel types are measured rather than a blended

sample in a convection column (Bertschi et al., 2003). However, this increased scatter simply
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reflects real variability and not a decreased quality of the measurement of ER. The fire-average
and platform-based study average emission factors for all species measured in SCREAM are
shown in Table 3.3. Measurements were obtained from both airborne and ground platforms for
all Fort Jackson fires (Blocks 6, 9b, and 22b). Only airborne data was collected for the remaining
four fires, where we did not have timely ground-based access to the fire site. WAS cans were
only collected for the Fort Jackson burns and the 2 Nov Pine Plantation burn. Organic aerosol
(OA) was measured by the AMS on 5 of the 7 fires and detailed AMS results can be found in a
complementary work (McMeeking et al., in preparation). A total of 97 trace gas species was
quantified by FTIR and WAS from both airborne and ground-based platforms; possibly the most

comprehensive suite of trace gas species measured in the field for biomass burning fires to date.
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Table 3.3. Emission factors (g kg™) measured using FTIR and WAS from ground-based and airborne platforms.

Ground-based Airborne
Block Pine George- Francis
Block Block  Average Block 6,  Block 9b, 22b, Plantation, town, Marion, Bamberg,  Average
Fire Name Block 6 9b 22b Ground + 1o RF01/02  RF03/04 RFO05 RFO05 RFO07 RF08 RF09 Airborne 1o
30 Oct 1 Nov 2 Nov EF 30 Oct 1 Nov 2 Nov 7 Nov 8 Nov 10 Nov EF
Date 2011 2011 2011 2011 2011 2011 2 Nov 2011 2011 2011 2011
MCE 0.876 0.858 0.789 0.841 0.046 0.932 0.919 0.935 0.904 0.938 0.933 0.957 0.931 0.016
FTIR Species
C02 1554 1496 1305 1452 130 1674 1643 1679 1606 1696 1686 1739 1675 42
Cco 140 158 222 173 43 78 92 74 109 72 78 49 79 19
CH4 5.20 11.50 10.34 9.01 3.35 1.74 2.08 2.01 6.66 2.22 1.88 2.02 2.66 1.77
C2H2 0.25 0.22 0.14 0.20 0.06 0.35 0.24 0.20 0.28 0.73 0.43 0.45 0.38 0.18
C2H4 0.89 1.53 1.25 1.22 0.32 121 1.23 0.94 1.34 1.62 1.27 0.60 1.17 0.32
C3H6 0.40 1.02 1.00 0.81 0.35 0.55 0.70 0.51 0.84 0.29 0.54 0.23 0.52 0.21
HCHO 1.79 2.42 251 2.24 0.39 1.87 211 1.70 1.98 2.13 1.97 1.36 1.87 0.27
CH30H 2.35 6.42 3.60 4.12 2.09 1.18 1.45 1.16 2.09 0.53 1.08 0.90 1.20 0.49
CH3COOH 1.03 3.84 2.42 2.43 1.41 1.24 0.75 1.25 1.85 2.33 1.60 2.82 1.69 0.71
C6H50H 0.11 0.18 0.16 0.15 0.04 0.23 0.21 0.12 0.53 bdl bdl bdl 0.27 0.18
C4H40 0.44 1.60 0.86 0.97 0.59 0.20 0.20 0.11 0.54 bdl bdl bdl 0.27 0.19
HCN 0.95 0.85 1.12 0.98 0.14 0.74 0.82 0.84 0.18 0.94 0.68 0.42 0.66 0.27
NH3 0.05 0.23 0.33 0.20 0.15 0.11 0.13 0.14 0.13 bdl 0.06 bdl 0.11 0.03
C4H6 0.10 0.15 0.09 0.11 0.03 0.26 0.32 0.26 0.24 0.19 0.28 bdl 0.26 0.04
C5H8? 0.08 0.02 0.15 0.08 0.06 0.18 0.14 0.14 0.11 - - - 0.14 0.03
C10H16 2.58 bdl 5.36 3.97 1.97 1.62 2.84 1.65 0.09 bdl 1.20 bdl 1.48 0.99
HCOOH bdl bdl bdl - - 0.08 0.09 0.11 0.03 bdl 0.08 bdl 0.08 0.03
C2H402 bdl bdl bdl - - 0.41 0.10 0.31 0.60 0.69 0.24 bdl 0.39 0.22
HONO bdl bdl bdl - - 0.40 bdl 0.38 bdl 0.34 0.60 bdl 0.43 0.12
NO bdl bdl bdl - - 0.37 0.28 0.28 bdl bdl 0.23 0.41 0.32 0.07
NO2 bdl bdl bdl - - 221 1.30 1.58 1.89 bdl 152 1.83 1.72 0.32
NOx bdl bdl bdl - - 1.63 1.03 1.25 1.23 bdl 1.17 1.53 1.31 0.23
WAS species
OCSs 0.011 0.017 0.338 0.122 0.187 0.010 0.011 0.014 0.006 - - - 0.010 0.003
DMS 0.007 0.011 0.078 0.032 0.040 0.011 0.004 0.010 0.008 - - - 0.008 0.003
Ethane 0.503 2.033 5.632 2.723 2.633 0.261 0.347 0.324 1.026 - - - 0.489 0.359
Propyne 0.018 0.009 0.031 0.019 0.011 0.057 0.059 0.048 0.061 - - - 0.056 0.006
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1-Butyne
2-Butyne
1,2-Propadiene
Propane

i-Butane

n-Butane
1-Butene

i-Butene
trans-2-Butene
cis-2-Butene
i-Pentane
n-Pentane
1-Pentene
trans-2-Pentene
cis-2-Pentene
3-Methyl-1-butene
2-Methyl-1-butene
Methyl acetate
2-Methyl-2-butene
1,3-Pentadiene
1-Heptene
1-Octene
Cyclopentene
n-Hexane
n-Heptane
n-Octane
n-Nonane
n-Decane
2,3-Dimethylbutane
2-Methylpentane
3-Methylpentane
Benzene

Toluene
Ethylbenzene
p-Xylene
m-Xylene
0-Xylene

Styrene
i-Propylbenzene

0.001
0.001
0.005
0.171
0.012
0.032
0.066
0.063
0.026
0.020
0.005
0.014
0.013
0.009
0.005
0.009
0.013
0.017
0.010
0.007
0.011
0.012
0.021
0.010
0.005
0.004
0.004
0.007
0.001
0.006
0.001
0.268
0.515
0.064
0.017
0.112
0.026
0.059
0.006

0.001
0.001
0.002
0.544
0.026
0.122
0.200
0.150
0.099
0.081
0.011
0.054
0.060
0.034
0.018
0.011
0.029
0.062
0.036
0.022
0.061
0.064
0.043
0.046
0.042
0.032
0.025
0.021
0.002
0.010
0.003
0.429
0.283
0.039
0.034
0.074
0.043
0.031
0.013

0.002
0.003
0.008
1.692
0.169
0.431
0.478
0.603
0.212
0.166
0.074
0.218
0.123
0.078
0.039
0.055
0.096
0.128
0.169
0.046
0.100
0.122
0.145
0.128
0.082
0.071
0.073
0.053
0.011
0.071
0.012
1.712
0.938
0.112
0.092
0.555
0.146
0.101
bdl

0.001
0.002
0.005
0.802
0.069
0.195
0.248
0.272
0.112
0.089
0.030
0.095
0.065
0.040
0.021
0.025
0.046
0.069
0.071
0.025
0.057
0.066
0.070
0.062
0.043
0.036
0.034
0.027
0.005
0.029
0.005
0.803
0.579
0.072
0.048
0.247
0.071
0.064
0.009

0.001
0.001
0.003
0.793
0.087
0.209
0.210
0.290
0.093
0.073
0.039
0.108
0.055
0.035
0.017
0.026
0.044
0.056
0.085
0.020
0.045
0.055
0.066
0.060
0.039
0.034
0.035
0.024
0.005
0.036
0.006
0.791
0.332
0.037
0.039
0.267
0.065
0.035
0.005

0.005
0.003
0.016
0.081
0.007
0.020
0.105
0.073
0.021
0.017
0.005
0.014
0.028
0.011
0.006
0.012
0.015
bdl
0.022
0.022
0.026
0.021
0.043
0.008
0.006
0.004
0.003
bdl
bdl
0.004
0.002
0.251
0.164
0.035
0.027
0.054
0.021
0.043
bdl
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0.005
0.003
0.015
0.115
0.007
0.033
0.118
0.079
0.028
0.021
0.009
0.019
0.032
0.012
0.008
0.014
0.018
bdl
0.022
0.016
0.022
0.022
0.043
0.015
0.015
0.022
0.063
0.077
bdl
0.010
0.005
0.254
0.204
0.061
0.050
0.009
0.042
0.035
bdl

0.005
0.003
0.013
0.116
0.011
0.033
0.122
0.090
0.029
0.022
0.008
0.021
0.035
0.013
0.007
0.013
0.018
0.003
0.025
0.023
0.036
0.026
0.051
0.013
0.009
0.006
0.008
bdl
bdl
0.006
0.002
0.284
0.190
0.026
0.022
0.070
0.022
0.042
bdl

0.008
0.007
0.017
0.299
0.016
0.058
0.182
0.111
0.061
0.052
0.007
0.022
0.024
0.026
0.016
0.016
0.027
0.026
0.025
0.031
0.015
0.018
0.042
0.012
0.005
0.000
bal
bdl
bdl
0.006
0.003
0.345
0.237
0.032
0.024
0.062
0.016
0.040
0.002

0.006
0.004
0.015
0.153
0.010
0.036
0.131
0.088
0.035
0.028
0.007
0.019
0.030
0.016
0.009
0.014
0.019
0.015
0.024
0.023
0.025
0.022
0.045
0.012
0.008
0.008
0.025
0.077

0.007
0.003
0.283
0.199
0.039
0.031
0.049
0.025
0.040
0.002

0.002
0.002
0.002
0.099
0.005
0.016
0.034
0.017
0.018
0.016
0.002
0.003
0.005
0.007
0.004
0.002
0.005
0.016
0.002
0.006
0.009
0.003
0.004
0.003
0.005
0.010
0.033

0.002
0.001
0.043
0.031
0.016
0.013
0.027
0.011
0.003



n-Propylbenzene
3-Ethyltoluene
4-Ethyltoluene
2-Ethyltoluene
1,3,5-Trimethylbenzene
1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene
methylisopropylbenzene
alpha-Pinene
beta-Pinene

4-Carene

Camphene

Myrcene

Acetonitrile
Acrylonitrile
2-Methylfuran
2-Ethylfuran
2,5-Dimethylfuran
Acetaldehyde

Butanal
2-Methylpropanal
3-Methylbutanal
2-Propenal
Methacrolein (MAC)
Furfural

Acetone

Butanone

MVK
3-Methyl-2-butanone
3-Methyl-3-buten-2-one
Ethanol

Nitromethane

Organic Aerosol (OA)°
~Monoterpenes
XTerpenes

ENMOC

0.012
0.157
0.122
0.010
0.016
0.053
0.052
0.288
1.677
0.200
0.101
0.427
0.068
0.032
0.011
0.172
0.008
0.045
0.531
0.015
0.015
0.028
0.144
0.036
0.012
0.409
0.083
0.062
0.014
0.079
0.006
0.028
5.05

5.12

18.06

0.010
0.016
0.010
0.015
0.010
0.040
0.019
bal
0.026
0.091
bal
bdl
bdl
0.060
0.022
0.515
0.029
0.125
0.987
0.037
0.039
0.050
0.296
0.034
0.028
1.052
0.293
0.146
0.048
0.129
0.016
0.060
0.12
0.14
27.37

0.072
0.293
0.121
0.027
0.048
0.280
0.429
0.977
6.248
0.657
0.174
0.657
0.105
1.127
0.049
1.251
0.072
0.413
3.120
0.092
0.289
0.309
0.977
0.172
0.161
3.182
0.592
0.374
0.124
0.511
0.036
0.132
13.20
13.35
57.12

0.031
0.155
0.084
0.017
0.024
0.124
0.167
0.632
2.650
0.316
0.137
0.542
0.086
0.406
0.027
0.646
0.036
0.194
1.546
0.048
0.115
0.129
0.472
0.081
0.067
1.548
0.323
0.194
0.062
0.240
0.019
0.073
6.12
6.21
34.18

0.035
0.139
0.064
0.009
0.020
0.135
0.228
0.487
3.223
0.301
0.052
0.163
0.026
0.624
0.020
0.551
0.033
0.194
1.382
0.040
0.152
0.156
0.443
0.079
0.082
1.451
0.256
0.161
0.056
0.236
0.016
0.053
6.61
6.67
20.40

0.004
0.028
0.008
0.017
0.025
0.072
0.037
bdl
0.086
0.062
0.014
0.023
bdl
bdl
0.045
0.094
0.007
0.020
0.602
0.015
0.011
0.016
0.185
0.041
0.067
0.545
0.068
0.024
0.013
0.017
0.013
0.128

1.81
1.98
13.94

0.008
0.046
0.021
0.015
0.046
0.109
0.090
bdl
0.103
0.061
0.010
bdl
bdl
bdl
0.029
0.109
0.006
0.019
0.506
0.030
0.018
0.031
0.287
0.033
0.032
0.344
0.085
0.050
0.016
0.039
bdl
0.081
8.28
3.01
3.15
15.35

0.004
0.023
0.014
0.008
0.009
0.055
0.042
bdl
0.069
0.052
0.006
bdl
bdl
0.032
0.092
0.126
0.005
0.036
0.803
0.045
0.040
0.037
0.410
0.038
0.135
0.740
0.108
0.109
0.005
0.050
0.022
0.151
10.32
177
191
14.38

0.003
0.018
0.009
0.001
bdl
0.049
0.019
0.002
0.117
0.033
0.008
0.007
0.008
bdl
0.049
0.286
0.017
0.049
0.651
0.041
0.017
0.019
0.409
0.042
0.035
0.974
0.133
0.047
0.010
0.030
0.012
0.139

0.27
0.37
16.93

0.005
0.029
0.013
0.010
0.027
0.071
0.047
0.002
0.094
0.052
0.009
0.015
0.008
0.032
0.054
0.153
0.009
0.031
0.641
0.032
0.021
0.026
0.323
0.039
0.067
0.651
0.098
0.058
0.011
0.034
0.016
0.125

7.64
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1.72
12.31

0.002
0.012
0.006
0.007
0.019
0.027
0.030

0.021
0.013
0.004
0.011

0.027
0.089
0.006
0.014
0.124
0.013
0.013
0.010
0.108
0.004
0.048
0.269
0.028
0.036
0.005
0.014
0.006
0.031
1.87
1.00
1.03
3.76

@ EF(C5HS8) from airborne data collected 30 Oct — 2 Nov provided by WAS.

® OA measurements provided by AMS.



Given that EF are dependent on the flaming to smoldering ratio or “MCE,” some variation
in EF between studies (and between fires within a study) occurs because fires naturally burn with
a range of flaming to smoldering ratios (F/S). Thus, comparing the correlation of EF vs. MCE
between studies provides more insight than simply comparing emission factors, as the latter does
not factor in fire-to-fire variability in F/S. Given that fires do not produce “ideal” plumes, there is
some temporal and spatial fluctuation about the EF and MCE. We fit EF vs. MCE plots to linear
functions to assist in discerning any differences or trends in EF between “smoldering” and “flaming”
compounds. Linear functions are selected empirically based on how well they fit the data and cannot
necessarily be rigorously derived from the complex, sometimes unknown, underlying chemistry. In
the case of poorly correlated data, this may simply suggest a compound’s emission from both
flaming and smoldering combustion, and does not reflect the quality of the data itself. Additionally,

we do not assume that these fits describe the behavior beyond the MCE’s measured here.

Table 3.4 shows linear regression statistics of EF as a function of MCE for all fires sampled
in this study. A negative slope denotes higher EF at lower MCE, meaning that the compound is
likely emitted by smoldering combustion (ie. CH3OH). Conversely, a positive slope suggesting
higher EF with increasing MCE is normally observed for a flaming compound (ie. alkynes,
NO,). Some species show poor correlation with MCE with very low R? values: this does not
suggest that the data are of poor quality or too variable to draw any valuable conclusions.
Differences in fuel composition (e.g. %N) can affect EF for a given MCE (Bertschi et al., 2003;
Christian et al., 2007). Also, some compounds may be emitted to some extent from both flaming
and smoldering combustion, such as C,H,. Ethyne has a strong positive correlation with MCE in
Yokelson et al. (2008), a weak positive correlation with MCE in this work and Burling et al.

(2011), while others (Yokelson et al., 2011; Burling et al., 2010) report a weak anti-correlation
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with MCE. This is not surprising, since numerous variables affect emissions and the predictive

power of any one variable or small group of variables is limited.

Table 3.4. Statistics for the linear regression of EF as a function of MCE for combined ground-
based and airborne fire-average measurements. Values in parentheses represent 1-c standard

deviation.

Slope Y-Intercept R’ n
FTIR Species
CH4 -65.01 (12.65)  63.34 (11.45) 0.77 10
C2H2 2.07 (0.96) -1.54 (0.87) 0.37 10
C2H4 -1.50 (2.06) 2.55 (1.87) 0.06 10
C3H6 -4.12 (1.28) 4.34 (1.16) 0.57 10
HCHO -4.97 (1.58) 6.48 (1.43) 0.55 10
CH30H -25.72 (8.39) 25.33 (7.60) 0.54 10
CH3COOH -5.49 (6.36) 6.88 (5.76) 0.09 10
C6H50H 0.53 (1.20) -0.26 (1.07) 0.04 7
C4H40 -6.65 (3.40) 6.47 (3.02) 0.43 7
HCN -2.75 (1.67) 3.24 (1.51) 0.25 10
NH3 -1.48 (0.45) 1.47 (0.41) 0.64 8
C4H6 1.32(0.38) -0.97 (0.35) 0.63 9
C5H8 0.26 (0.43) -0.11 (0.38) 0.07 7
C10H16 -25.8 (8.23) 25.3 (7.41) 0.66 7
HCOOH -1.78 (0.67) -1.57 (0.62) 0.70 5
C2H402 -0.84 (8.63) 1.17 (8.00) 0.00 6
HONO -25.7 (25.7) 24.5 (24.0) 0.33 4
NO 3.56 (2.31) -3.02 (2.16) 0.44 5
NO2 1.90 (9.02) -0.05 (8.39) 0.01 6
NOXx 6.99 (5.42) -5.19 (5.04) 0.29 6
WAS species
OoCs -2.00 (0.57) 1.83 (0.51) 0.71 7
DMS -0.43 (0.12) 0.40 (0.11) 0.70 7
Ethane -34.95 (6.09) 32.47 (5.42) 0.87 7
Propyne 0.25 (0.14) -0.18 (0.13) 0.39 7
1-Butyne 0.032 (0.017)  -0.025 (0.015) 0.42 7
2-Butyne 0.012 (0.016)  -0.007 (0.014) 0.09 7
1,2-Propadiene 0.071(0.038)  -0.052 (0.034) 0.41 7
Propane -10.32 (1.784)  9.59 (1.67) 0.86 7
i-Butane -1.00 (0.24) 0.93 (0.22) 0.78 7
n-Butane -2.59 (0.53) 2.40 (0.47) 0.83 7
1-Butene -2.26 (0.63) 2.19 (0.56) 0.72 7
i-Butene -3.26 (0.82) 3.06 (0.73) 0.76 7
trans-2-Butene -1.23(0.23) 1.16 (0.21) 0.85 7
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cis-2-Butene
i-Pentane

n-Pentane
1-Pentene
trans-2-Pentene
cis-2-Pentene
3-Methyl-1-butene
2-Methyl-1-butene
Methy! acetate
2-Methyl-2-butene
1,3-Pentadiene
1-Heptene

1-Octene
Cyclopentene
n-Hexane
n-Heptane

n-Octane

n-Nonane

n-Decane
2,3-Dimethylbutane
2-Methylpentane
3-Methylpentane
Benzene

Toluene
Ethylbenzene
p-Xylene

m-Xylene

0-Xylene

Styrene
i-Propylbenzene
n-Propylbenzene
3-Ethyltoluene
4-Ethyltoluene
2-Ethyltoluene
1,3,5-Trimethylbenzene
1,2,4-Trimethylbenzene
1,2,3-Trimethylbenzene
methylisopropylbenzene
alpha-Pinene
beta-Pinene
4-Carene
Camphene

Myrcene
Acetonitrile
Acrylonitrile
2-Methylfuran
2-Ethylfuran
2,5-Dimethylfuran
Acetaldehyde

-0.97 (0.18)
-0.42 (0.12)
1.28 (0.30)
-0.60 (0.17)
-0.43 (0.09)
-0.20 (0.05)

-0.248 (0.085)

-0.49 (0.12)
-0.87 (0.16)
-0.90 (0.26)
-0.14 (0.09)
-0.49 (0.16)
-0.67 (0.16)
-0.58 (0.23)
-0.77 (0.16)
-0.50 (0.11)
-0.42 (0.11)
-0.32 (0.22)
0.09 (0.41)
-0.12 (0.01)
-0.40 (0.11)

-0.055 (0.020)

-0.03 (2.22)
-4.95 (0.96)
-0.48 (0.15)
-0.38 (0.15)
-3.16 (0.79)
-0.76 (0.19)
-0.36 (0.13)
-0.23 (0.07)
-0.42 (0.10)
-1.67 (0.51)
-0.73 (0.32)
-0.10 (0.05)
-0.11 (0.15)
-1.20 (0.50)
-2.26 (0.77)
-8.34 (0.44)
-38.49 (9.92)
-3.84 (0.88)
-1.22 (0.18)
-4.78 (1.36)
-0.74 (0.34)
-7.64 (3.41)
0.15 (0.22)
-7.55 (1.24)
-0.43 (0.08)
-2.53 (0.47)
-15.52 (4.11)
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0.91 (0.16)
0.39 (0.10)
1.18 (0.26)
0.58 (0.15)
0.40 (0.08)
0.19 (0.04)

0.238 (0.076)

0.47 (0.11)
0.80 (0.14)
0.84 (0.23)
0.15 (0.08)
0.47 (0.14)
0.64 (0.14)
0.57 (0.21)
0.72 (0.14)
0.47 (0.10)
0.39 (0.10)
0.31 (0.20)
-0.04 (0.35)
0.10 (0.01)
0.37 (0.10)

0.053 (0.018)

8.52 (1.98)
4.75 (0.85)
0.47 (0.13)
0.37 (0.13)
2.93 (0.70)
0.72 (0.17)
0.37 (0.11)
0.21 (0.06)
0.39 (0.09)
1.57 (0.45)
0.69 (0.29)
0.10 (0.05)
0.12 (0.13)
1.16 (0.45)
2.11 (0.69)
7.57 (0.38)
35.35 (8.82)
3.57 (0.78)
1.14 (0.16)
4.46 (1.19)
0.69 (0.29)
6.92 (2.95)
-0.09 (0.19)
7.06 (1.10)
0.40 (0.07)
2.35 (0.42)
14.80 (3.65)

0.85
0.72
0.79
0.71
0.80
0.78
0.63
0.76
0.90
0.70
0.34
0.65
0.78
0.55
0.83
0.81
0.75
0.34
0.02
0.99
0.74
0.59
0.77
0.84
0.68
0.56
0.76
0.76
0.62
0.92
0.78
0.68
0.50
0.41
0.12
0.53
0.63
1.00
0.75
0.79
0.92
0.86
0.83
0.72
0.09
0.88
0.86
0.85
0.74
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Butanal -0.37 (0.15) 0.37 (0.14) 0.54 7
2-Methylpropanal -1.65 (0.47) 1.52 (0.41) 0.71 7
3-Methylbutanal -1.77 (0.46) 1.64 (0.41) 0.75 7
2-Propenal -3.91 (1.65) 3.86 (1.46) 0.53 7
Methacrolein (MAC) -0.80 (0.25) 0.77 (0.22) 0.67 7
Furfural -0.36 (0.47) 0.39 (0.42) 0.10 7
Acetone -16.26 (4.34) 15.46 (3.86) 0.74 7
Butanone -3.39 (0.64) 3.21 (0.57) 0.85 7
MVK -2.06 (0.49) 1.94 (0.44) 0.78 7
3-Methyl-2-butanone -0.76 (0.13) 0.71 (0.12) 0.86 7
3-Methyl-3-buten-2-one  -3.10 (0.60) 2.87 (0.53) 0.84 7
Ethanol -0.11 (0.08) 0.12 (0.07) 0.34 6
Nitromethane 0.16 (0.39) -0.04 (0.35) 0.03 7

3.3.2 Brief comparison to similar work

It is of interest to compare both the airborne and ground-based emission factors in this work
to those from Burling et al. (2011) (Fig. 3.10). In the minimally-detailed global vegetation
schemes in common use, both studies measured EF in temperate forest; more specifically, both
studies measured EF in pine forest understory fires. However, there are some differences in the
vegetation communities probed in this study and those primarily in North Carolina probed by
Burling et al. (2011). Fuels from the latter study were comprised mostly of fine woody material
and foliage, whereas the present study included at least three fires where the fuels were mostly
litter. In addition, the Burling et al. measurements were during an exceptionally wet Spring,
while the present study was conducted in the Fall after a prolonged drought. Thus, multiple
factors contribute to differences between these two studies and this provides us with an idea of
the natural variability that can occur in study-average values between prescribed fires within a
fairly narrowly defined ecosystem classification. Our study-average MCE from airborne
sampling 1s 0.9314+0.016 which is almost within 1c standard deviation of the average airborne

MCE for North Carolina conifer forest understory burns (0.948+0.006) of Burling et al. (2011).
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Of the 17 species (besides CO, and CO) measured from the aircraft in both studies, only six
compounds have EF that agree within 35%. We observe significantly less NOy in this work,
along with 22 and 33% lower EF(HONO) and EF(NH3) (respectively) compared to Burling et al.
(2011) (Fig. 3.10a). The fuels burned in the NC fires likely included more foliage which
typically has a high N content. Airborne EF for all hydrocarbons and oxygenated VOCs are
higher in this work. Ground-based sampling of Fort Jackson fires resulted in an MCE of
0.841+0.046 and Burling et al. (2011) measured a very similar MCE of 0.838+0.055. EF(CO)
and EF(CO,) agree within 4%, and EF(CHy,) agrees within 30%. However, less agreement was
observed for all other 11 compounds measured in both studies: We report 73-97% lower EF for
all non-methane hydrocarbons (NMHC) that were measured in both studies (C,H,, C,H4, C3Hg,
1,3-butadiene, and isoprene), which is the opposite of the higher EF(NMHC) seen in the air. We
also observe 13-78% higher EF for all oxygenated VOC (OVOC) measured in both studies
(HCHO, CH30H, CH3COOH, and C4H40O), which mimics the airborne comparison (Fig. 3.10b).
The ground-based EF(NMHC) from this work, despite being lower than the field EF(NMHC) of
Burling et al. (2011), are higher than all EF(NMHC) measured in laboratory burns of southeast
pine litter (Burling et al. 2010). Differences in observed EF(HCN) and EF(NH3) are discussed in
more detail in Sect. 3.3.5. However, this brief overview makes it clear that high variability can
be observed even for study average values for ecosystems considered nominally similar in the

atmospheric community.
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Figure 3.10. Comparison of this work (blue) with Burling et al. (2011) (orange) from (a)
airborne and (b) ground-based platforms.
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3.3.3 Observation of large initial emissions of terpenes

3.3.3.1 Background levels, atmospheric chemistry, and possible effects in smoke

plumes

Terpenes— hemiterpenes (isoprene), monoterpenes (CioHs6), and sesquiterpenes (CisHzs4)—
are emitted from most coniferous trees as part of a complex response mechanism to injury and
disease (Paine et al., 1987; Guenther et al., 2006). Isoprene comprises nearly 50% of global
biogenic trace gas emissions and roughly 11% are monoterpenes, with alpha-pinene and
limonene making up the highest fractions of monoterpenes at about 25 and 16%, respectively
(Kanakidou et al., 2005). These compounds are known to play an important role in atmospheric

oxidation and secondary organic aerosol (SOA) formation (Holzinger et al., 2010).

Isoprene is synthesized by plants and then immediately emitted, but it is also a combustion
product that is for instance emitted in high quantities by smoldering peat (Christian et al., 2003).
In contrast, monoterpenes, once synthesized, can be stored for months in plant tissue. A fraction
of the synthesized monoterpenes are emitted immediately following synthesis, but the highest
concentration of these emissions immediately adjacent to the plant is only a few ppb under
normal conditions. However, very large concentrations of terpenes may be emitted into the gas
phase (or “boiled off” via distillation) due to exposure to heat from fires. Thus, the absolute
mixing ratios of terpenes in relatively undiluted fire emissions can exceed several ppm and is
much greater than the mixing ratios of these compounds in natural vegetative emissions. Once
emitted into the atmosphere, rapid atmospheric oxidation of terpenes by OH, O3, and NO3

produces both VOC (Pan et al., 2009) and byproducts typically less volatile than their parent
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compounds, resulting in condensation into secondary organic aerosol (SOA) (Capouet et al.,
2004) on a timescale of minutes to hours (Atkinson and Arey, 2003). Terpene oxidation can
occur via OH and O3 during daylight hours and by O3 and NOs at night (Fry et al., 2011).
Limonene and alpha-pinene oxidation have been shown in chamber experiments to yield
substantial amounts of SOA (Fry et al., 2011) and C;-C3 OVOC (Pan et al., 2009) dependent on
the oxidant, concentration regime, temperature, water, and type of seed particle (if any)
(Hamilton et al., 2011; Saathoff et al., 2009; Lee et al., 2006). Limonene is particularly of
interest, because the two double bonds (a.k.a. reactive sites) provide limonene with a quick,
direct route to forming low-vapor pressure oxidation products that are likely to form SOA (Fry et
al., 2011). Consequentially this compound may be responsible for a disproportionate amount of

total SOA relative to other monoterpenes (Lane et al., 2008; Maksymuik et al., 2009).

3.3.3.2 High levels of terpenes in fresh smoke

We note that several measurements of the initial emissions of terpenes from biomass
burning have been made previously. Isoprene is well-known to be emitted by fires and the
isoprene EF has already been measured for many biomass fuels (Christian et al., 2003; Yokelson
et al., 2007b; Burling et al., 2011; Simpson et al., 2011). Additionally, Yokelson et al. (1996) and
Burling et al. (2011) noted large, IR spectral features in smoke similar to monoterpene
absorption, suggesting possible large emissions of monoterpenes (Fig. 3.11). Simpson et al.
(2011) reported large EF for two monoterpenes, alpha- and beta-pinene, as measured by WAS
from Canadian boreal forest fires. In this work we present the first quantitative FTIR
observations of a monoterpene (limonene) in smoke along with an expanded suite of

monoterpenes measured by WAS including alpha-/beta-pinene, limonene, camphene, 4-carene,
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and myrcene. Our measured fire-average ERs of these monoterpenes (and isoprene) from

ground-based and airborne platforms are shown in order of abundance in Table 3.5.
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Figure 3.11. Absorption spectra of ground-based smoke samples normalized to the CO
absorption band centered at 2143 cm™ presented in Burling et al. (2011). The reference spectrum
is a linear sum of the three equal parts of the monoterpene species, alpha-pinene, beta-pinene,
and limonene spectra (Sharpe et al., 2004) and is shown only as a qualitative comparison.
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Table 3.5. Airborne and ground-based emission ratios of measured terpenes from SC fires, shown in order of abundance.

Airborne
Pine Francis

Fire Name Block 6 Block9b Block 22b  Plantation  Georgetown Marion Bamberg  Average

30 Oct 1 Nov 2 Nov 8 Nov 10 Nov Airborne
Date 2011 2011 2011 2 Nov 2011 7 Nov 2011 2011 2011 ER + 1o
Limonene 4.30E-03  6.38E-03  4.60E-03 1.78E-04 bdl 3.19E-03 bdl 3.73E-03  2.29E-03
Isoprene 9.44E-04  6.20E-04  7.83E-04 3.96E-04 6.86E-04  2.34E-04
alpha-Pinene 2.27E-04  2.30E-04  1.92E-04 2.20E-04 2.17E-04  1.73E-05
beta-Pinene 1.63E-04 1.37E-04 1.44E-04 6.14E-05 1.26E-04  4.47E-05
Camphene 6.05E-05 bdl bdl 1.26E-05 3.66E-05  3.39E-05
4-Carene 3.68E-05 2.32E-05 1.56E-05 1.51E-05 2.27E-05 1.01E-05
Myrcene bdl bdl bdl 1.46E-05 1.46E-05
Ymonoterpenes  4.79E-03  6.77E-03  4.95E-03 5.01E-04 3.19E-03 4.04E-03  2.35E-03
Sterpenes 5.73E-03  7.39E-03  5.73E-03 8.97E-04 3.19E-03 459E-03  2.55E-03
ENMOC 1.14E-01 1.02E-01  1.20E-01 1.02E-01 1.05E-01 8.85E-02 1.02E-01 1.05E-01  9.94E-03

Ground-based
Average

Fire Name Block 6 Block 9b  Block 22b  Ground ER

30 Oct 1 Nov 2 Nov
Date 2011 2011 2011 + 1o
Limonene 3.78E-03 bdl 4.97E-03 4.37E-03 8.41E-04
alpha-Pinene 2.46E-03  3.37E-05 5.78E-03 2.76E-03 2.89E-03
Camphene 6.26E-04 bdl 6.09E-04 6.18E-04 1.25E-05
beta-Pinene 2.93E-04 1.19E-04 6.09E-04 3.40E-04 2.48E-04
Isoprene 2.23E-04 6.52E-05 2.79E-04 1.89E-04 1.11E-04
4-Carene 1.47E-04 bdl 1.61E-04 1.54E-04 9.83E-06
Myrcene 9.89E-05 bdl 9.68E-05 9.78E-05 1.48E-06
Ymonoterpenes  7.40E-03  1.52E-04  1.22E-02 6.59E-03 6.08E-03
Sterpenes 7.62E-03  2.18E-04  1.25E-02 6.78E-03 6.19E-03
ENMOC 7.17E-02 1.20E-01  1.32E-01 1.08E-01 3.19E-02

measurements than on the ground (the Block 9b fire was an exception, where ER(Aa-

Our study-average ER (Aa-pinene/ACO) was over a factor of 12 times lower in our aircraft

pinene/ACO) on the ground was a factor of 7 times lower than airborne). In contrast, the study-

average ER(Alimonene/ACO) was only lower by a factor of 1.2 in the air (Table 3.5). The alpha-

pinene rate constants with respect to OH, O3, and NOj3 are slower than those of limonene with
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these oxidants, suggesting that the much lower alpha-pinene/limonene ratio in lofted smoke that
reached the aircraft is not mostly due to atmospheric oxidation. We suggest that alpha-pinene
may be preferentially released from fuels that burn largely by RSC (duff, dead-down woody
fuels etc.) and thus is relatively more abundant in smoke that was poorly lofted in this study. We
observe ~3.6 times greater Aisoprene/ACO ER in the lofted emissions sampled from the air in
this work suggesting that RSC fuels may produce lower isoprene to CO ratios than the fuels that

typically produce the bulk of lofted smoke (fine fuels, Akagi et al., 2011).

Figure 3.12 compares emission factors (g kg™) of monoterpenes and isoprene measured in
this work. In light of the above fuel-specific observations, it is of interest to further compare our
terpene EFs with the alpha-/beta-pinene and isoprene EFs for boreal forest fires in Alberta,
Canada, measured by Simpson et al. (2011) during the ARCTAS campaign. Simpson et al.
(2011) did not include limonene or other monoterpenes in the ARCTAS analysis due to the long

GC run-times required for the additional compounds.
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Figure 3.12. Emission factors (g kg™*) of monoterpenes and isoprene measured from this work.
We compare with data from Simpson et al. (2011) who measured alpha/beta-pinene and isoprene
from an airborne platform (orange), though EF(isoprene) is too small to be visible.

The sum of our study-average alpha- and beta-pinene emission factors was 2.97 g kg™ for
the ground-based measurements and 0.146 g kg™ for the airborne measurements, respectively.
The sum of the alpha- and beta-pinene EF obtained from an aircraft by Simpson et al. (2011) had
an intermediate value of 1.53 g kg™ and was obtained at an intermediate MCE of 0.90. The
boreal forest often has much greater loading of dead-down woody fuels (due in part to slower
decomposition), and so relatively more of the emissions from these fuels may have been
entrained in the lofted emissions sampled by Simpson et al. (2011). A higher contribution from
the dead down woody fuels would also be consistent with lower isoprene EF of Simpson et al.

(2011) shown in Figure 3.12 (too small to be visible). It should not be assumed, however, that
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unlofted smoke will always have lower abundance of isoprene than lofted smoke since a very
high isoprene EF was observed by Christian et al. (2003) for smoldering peat. Finally, given that
high EF for both alpha- and beta-pinene were observed in the ARCTAS campaign, it is likely
there were also high levels of additional terpenes present in the ARCTAS samples that went

unmeasured.

In the SC smoke plumes, limonene and alpha-pinene dominate as the most abundant
monoterpenes measured from both the airborne and ground-based platforms. Most prevalent
from both the air and the ground, we observed limonene concentrations as high as 8.4 ppm.
Limonene is highly susceptible to oxidation with high reaction rate constants with OH, Os, and
NOj3 (compared with other measured monoterpenes). In assessing the daytime downwind VOC
production in our biomass burning plumes, Oz was depleted in the freshest smoke via rapid
reaction of background O3 (~50-80 ppb) with NO emitted by the fire (Akagi et al., 2011; 2012;
Yokelson et al., 2003). Thus, the reaction of limonene with OH would initially be the main
daytime oxidation pathway forming small molecular weight byproducts including methanol,
formaldehyde, and acetone (Muller et al., 2005; Holzinger et al., 2005). Alpha-pinene was the
second most abundant monoterpene measured in this work, due mainly to high emissions
measured by the ground-based platform. While toting slower reaction rates compared with
limonene, oxidation pathways of alpha-pinene via OH and O3 are important and under depleted
O3 conditions, alpha-pinene + OH is expected to produce low molecular weight products such as
acetone, formaldehyde, formic acid, and acetic acid (Capouet et al., 2004). Oxidation of terpenes
via OH will be the main oxidation pathway for terpenes until O3 levels rebound in the plume,

which can happen in as little as 0.5 h, at which time oxidation by both O3 and OH become
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important channels for the reaction of remaining terpenes. For the case of the two main
monoterpenes, limonene and alpha-pinene, we can estimate how long these species would
remain in the atmosphere given elevated OH concentrations typically found in biomass burning
plumes (5x10° — 1x10” molec cm™; Hobbs et al., 2003; Yokelson et al., 2009; Akagi et al.,
2012). Assuming a pseudo first-order decay of limonene and alpha-pinene with respect to OH
(Kor+timonene = 1.7x10™ cm® molec™ s, Kop+aipha-pinene = 5.3x10™* cm® molec™ s™; Bouvier-
Brown et al., 2009) we predict 99% of limonene and alpha-pinene will have reacted within 0.8—
1.6 h and 2.5-4.9 h following emission, respectively, with the higher [OH] estimate
corresponding to faster monoterpene loss. As will be later discussed in Sect. 3.3.7, O3 can
rebound to 80-100 ppb in as little as 1 h following emission (e.g. O3 levels can be well above
background despite dilution of the plume). This suggests that there will typically be some
unreacted limonene and alpha-pinene remaining in the plume once O3 recovers to significant
levels. At an estimated O3 mixing ratio of 80—100 ppb, 1 h after emission 19-32% and 9-16% of
remaining limonene and alpha-pinene (respectively) would be due to oxidation via the O3
channel (Koz+limonene = 2.0x10™° cm?® molec™ s™, Kogsaipha-pinene = 8.4x107 cm® molec™ s
Bouvier-Brown et al., 2009), making reaction with O3 (and its byproducts) important though
likely secondary to the OH reaction. Recent work suggests the oxidation of alpha-pinene with
ozone produces small byproducts including formaldehyde, acetaldehyde, formic acid, acetone,
and acetic acid (Lee et al., 2006). Limonene with O3 has been known to produce secondary
photoproducts such as formic and acetic acid, acetaldehyde, methanol, formaldehyde, and
acetone (Pan et al., 2009; Walser et al., 2007; Lee et al., 2006) dependent on limonene and ozone

levels. Monoterpene ozonolysis also produces OH with OH molar yields of 0.86, 0.7-0.85, and
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1.15 for limonene, alpha-pinene, and myrcene, respectively (Finlayson-Pitts and Pitts, 2000).
Thus, reaction via the Oz channel would generate OH, increasing the oxidative capacity of the
plume and encouraging further plume evolution. High levels of OH lead to increased O3
formation which may help explain the high O3 formation rates observed during this campaign.
The OH and ozone small molecule oxidation products of the other monoterpenes such as beta-
pinene and myrcene are similar to those already listed and include formaldehyde, formic and
acetic acid, acetaldehyde, and acetone (Lee et al., 2006). Evidence of downwind growth in
several of these VOCs has been previously observed in biomass burning plumes (Holzinger et
al., 2005; Jost et al., 2003; Karl et al., 2007). In addition to secondary produced VOC, lower
vapor pressure products of terpene oxidation likely contribute to SOA as well. While much effort
has gone into understanding and identifying these monoterpene byproducts, there is still
considerable carbon mass tied up in unidentified species that goes unaccounted for (Lee et al.,
2006). In summary, since both the oxidant levels and the initial emissions of terpenes are highly
variable in biomass burning plumes, we expect this to contribute to high variability in post-
emission VOC production as discussed in later sections and more generally in Akagi et al.

(2011).

Thus far we have only looked into the VOC products of the most important daytime
oxidation pathways. We now briefly explore the important oxidizing agents of terpenes at night
when reaction via ozone and NO3; become more favorable. Most commonly in wildfires,
especially boreal forest fires, it is sometime the case that much of the fuel is consumed at night
by smoldering or even flaming that is perhaps promoted by nighttime frontal passage (Vermote

et al., 2009). In this circumstance, much of the NO, may be tied up as NO3 (Tereszchuk et al.,
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2011) promoting the reactions of terpenes and NO3, which produce formaldehyde, HNO3, and
large organic nitrates and aldehydes, where the latter two products have oxidation products that
are not well studied (Fry et al., 2011). Assuming generic Oz and NO3 nighttime mixing ratios of
35 ppb and 5 ppt, respectively (Finlayson-Pitts and Pitts, 2000; Vrekoussis et al., 2004), about
90-91% of the monoterpenes would react with NO3 and the remainder mostly with Os. The high
terpene reaction rates with NO3 compared with OH and O3 more than compensate for low
nighttime concentrations of NOs. Thus, at night, ~90% of the terpenes will generate the NO;
reaction products listed above and the remaining ~10% of monoterpenes will likely react via
ozonolysis, forming byproducts mentioned earlier. We note that production of alkyl nitrates
from NO; oxidation of fire-generated monoterpenes may tie up NO for long-distance transport
and may also change the composition of secondary aerosol. In summary, most prescribed fires
are started during the day and most of the smoke will undergo daytime oxidation schemes, but is
not uncommon for some fires to burn at night when emitted smoke is likely different and also

subject to very different chemical oxidation pathways.

Considerable work has been done to investigate SOA yields from monoterpene oxidation
(Saathoff et al., 2009; Griffin et al., 1999; Spittler et al., 2006; Fry et al., 2011). While SOA
formation via nucleation processes has been observed, the more common path for SOA
formation occurs via condensation of gas-phase oxidation products onto pre-existing aerosol,
given the ubiquitous presence of condensation surfaces in the atmosphere (Hamilton et al.,
2011). In a biomass burning plume, extremely high amounts of NMOCs, and organic and
inorganic aerosol are simultaneously released creating numerous surface sites for condensation

in a highly oxidizing plume environment (OH concentration reaching magnitudes of 10" cm?
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molec™ s*; Hobbs et al., 2003; Yokelson et al., 2009). Most research regarding SOA from
terpenes has been performed in controlled laboratories and/or photochemical chambers where
variables such as “seed” aerosol or oxidant concentration can be varied. However, extrapolating
chamber results to atmospheric conditions is not simplistic (Holzinger et al., 2010), but our
confirmation of high levels of limonene and other terpenes in smoke plumes could help explain
some of the variability in SOA production observed in BB plumes to date (Saathoff et al., 2009;
Hennigan et al., 2011; Akagi et al., 2012). It was possible to measure both the sum of
monoterpenes by FTIR and/or WAS and the initial OA by AMS on three fires, which yielded
mass ratios (Sterpenes/OA g g™) of 0.17, 0.15, and 0.36 (Table 3.3). On average, monoterpenes
measured in this work comprise 21% of measured OA on a mass basis. Monoterpenes will not
convert 100% to SOA and OA aging in BB plumes has been observed to lead to small decreases
in OA or increases up to a factor of ~3 (Hennigan et al., 2011). Thus, unless terpenes are emitted
in much greater quantities from other fuel types they likely contribute to most of the total
variability observed in SOA. Because each monoterpene has 10 carbon atoms, variability in
monoterpenes and their subsequent oxidation could potentially contribute to a larger share of the
variability observed in production of smaller OVOC downwind (Yokelson et al., 2008; 2009;
Pan et al., 2009; Holzinger et al., 2010; Akagi et al., 2012; Jacob et al., 2002; Jost et al., 2003;
Holzinger et al., 2005; Sect. 3.3.7). In this work monoterpenes comprise only 3.9% of NMOC on
a molar basis, and NMOC other than monoterpenes are abundant and likely account for most of

the SOA and OVOC variability as explored elsewhere (Yokelson et al., 2012).

61



3.3.4 C;-C4alkynes

A recent study was able to assign CO and other air-quality-relevant species observed in the
Mexico City area to either biomass burning or urban emissions by assuming that the great
majority of HCN was emitted by biomass burning, while C,H, was associated with both urban
emissions and biomass burning, but with different ratios to CO (Crounse et al., 2009). C,H; is
emitted in higher proportion to CO in urban emissions than in biomass burning emissions and the
C,H, from biomass burning is usually produced mostly by flaming combustion of biomass
(Lobert et al., 1991; Yokelson et al., 2008). C,H; has a relatively slow reaction rate with OH
resulting in an atmospheric lifetime of ~10 days to two weeks (Crounse et al., 2009), which is
longer than most other hydrocarbons. Because of its emission from multiple sources, acetylene is
not an ideal tracer for any one source. In the work of Simpson et al. (2011) it was observed that
other alkynes, such as propyne and 1+2-butynes were emitted by biomass burning alone, making
them of interest as possible BB indicators, despite having a relatively shorter lifetime of ~2 days.
We report a study-average ER(Apropyne/ACO) of 4.51 + 0.50 x 10™ from the airborne-based
platform, which is 2.5 times greater than ER(Apropyne/ACO) reported in Simpson et al. (2011)
(1.8 + 0.8 x 10™*). We observed the emission of the higher alkynes from all the fires with WAS
samples, which further suggests their potential use as biomass burning tracers. In addition,
Figure 3.13 shows that the three C3-C, alkynes detected in this work are positively correlated
with MCE, however, the strength of this correlation is variable for the different alkynes. We use
linear functions to fit MCE plots, however we do not suggest that we fully understand nor can
explain this complex relationship between EF and MCE in such a simplistic manner. All sample

points are shown in Figure 3.13 to emphasize the natural variability that can occur between
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samples. This data suggest that, like C,H,, these Cs-C, alkynes are mostly produced by flaming

combustion.
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Figure 3.13. Alkyne emission factors (g kg™) as a function of MCE from the Block 6, 9, 22b,
and plantation fires in this study measured from airborne and ground-based platforms. The
positive correlation of EF vs. MCE suggests all alkynes are emitted chiefly by flaming

combustion processes.

3.3.5 Initial emissions of nitrogen species

3.35.1 NHj;
NHj3 is the most abundant alkaline gas in the atmosphere and is important in neutralizing
acidic species in PM (Seinfeld and Pandis, 1998). Biomass burning is an important NH3 source
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(Crutzen and Andreae, 1990) and biomass burning emissions of NHj3 are typically strongly anti-
correlated with MCE, meaning it is primarily emitted from smoldering combustion. We compare
our EF(NHs3) from both the air and ground with other EF(NH3) from biomass burning studies of
similar fuel types (Fig. 3.14). The red, blue, and green points represent smoke sampled from the

ground, air, and laboratory, respectively.
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Figure 3.14. EF(NH3) (g kg™) as a function of MCE for the Fort Jackson pine burns of this
study measured from both airborne (blue) and ground-based (red) platforms. We also show
ground-based, airborne, and laboratory (green) measurements in similar fuels from Burling et al.
(2011), airborne data from Mexican pineoak forests from Yokelson et al. (2011), and pine litter
laboratory data from Fort Benning, GA (Burling et al., 2010). Anti-correlations of EF(NH3) vs.
MCE for ground-based (red line) and airborne (blue line) measurements are shown.

A general pattern emerges that the airborne EF(NH3) decrease going from California to

Mexico to NC to SC and the ground-based EF(NHS3) decrease from NC to SC. Thus the SC
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EF(NH5) are systematically lower than observed in other studies of understory fires in pine-
dominated forests. Other factors besides MCE can affect ammonia emissions, the most notable
being the nitrogen content of vegetation. The nitrogen content tends to be lower in woody
biomass (e.g. logs) compared to foliage (Susott et al., 1996; Burling et al., 2011). While the N
content of fuels sampled in this work is unknown, this could explain why the ground-based
samples (often of smoldering logs/stumps) had EF(NH3) that were generally lower than the

airborne data regression relationship (blue line)would predict.

3.3.5.2 HCN

HCN is produced from the pyrolysis of amino acids and is now widely recognized as a
useful biomass burning tracer or indicator (Li et al., 2003; Crounse et al., 2009). Here we
compare the ER(AHCN/ACO) from this work to other works in similar fuels, including Burling
et al. (2011), Yokelson et al. (2011), Simpson et al. (2011), and Burling et al. (2010), who report
ER from US conifer forest understory burns, Mexican rural pine-oak forests, Canadian boreal
fires, and pine litter from Fort Benning, Georgia, respectively (Fig. 3.15). We also include ERs
from some very different, but globally important fuel types, including savanna fires from Africa
(‘Yokelson et al., 2003), tropical evergreen deforestation fires from Brazil (Yokelson et al.,

2007a), peat (Akagi et al., 2011), and fires in tropical dry forest (Yokelson et al., 2009).
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Figure 3.15. Comparison of HCN/CO study-average emission ratios (mol/mol) measured from
airborne (blue), ground-based (red), and laboratory (green) platforms from five North American
studies in pine forest fuels. We also show four ER(HCN/CO) in other fuel types for comparison.
The large variation shown for peat is due to a very large value for Indonesian peat that is
included in the calculation.

The airborne measurements of ER(AHCN/ACO) shown in Figure 3.15 are from fires in a
variety of forest or savanna types and the study means all fall within the range 0.0063 to 0.0095.
The ground-based and lab measurements shown are lower than this range with the exception of
the ER(AHCN/ACO) from peat fires, which is more than three times larger than the other values
at 0.035 (Akagi et al., 2011). In both this work and Burling et al. (2011) lower HCN emission

ratios are observed from a ground-based platform compared to an airborne platform when
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sampling the same fires. These Burling et al. (2011) NC ground-based measurements were made
mostly right after high rainfall and a rare snow and much of the burn units were flooded with

standing water. The SC ground-based measurements were made towards the end of a significant
drought, and it is possible that more of the surface RSC fuels that emit HCN were able to burn in

the SC fires. Fuel N was not measured in this work nor in Burling et al. (2011).

Overall, the airborne and ground-based data shown exhibit a strong EF(HCN) anti-
correlation with MCE suggesting HCN release from smoldering combustion (Fig. 3.16) over a
wide range of MCE’s (0.85-0.96), despite airborne EF(HCN) being more or less independent of
MCE in some studies of “non-pine” ecosystems (Yokelson et al., 2003). Also note in Figure 3.16
that the four or five outliers are all ground-based data, which may be probing emissions from a

different mix of the overall fuel complex.
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Figure 3.16. HCN fire-average emission factors (g kg™) as a function of MCE for pine/conifer
fuel types measured airborne, ground-based, and laboratory platforms. The data show a general
anti-correlation with MCE, however, ground-based data alone have higher variability and less
MCE dependence.
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The similarity of study averages shown in Figure 3.15 and noting that fire average MCE
usually fall in the range of 0.90 — 0.94 (Figure 3.16) confirms that HCN is a useful tracer for the
lofted emissions that account for much of the smoke generated by many global fires. However,
more emissions measurements from other coniferous ecosystems in different regions (ex. boreal
Russia) are needed before we can suggest that the anti-correlation in Figure 3.16 holds for all
coniferous fuels globally. Additionally, the larger scatter at low MCE in Figure 3.16 suggests
that HCN may be a better tracer for smoke that is lofted and transported as opposed to smoke
that drifts at ground level. While EF(HCN) data from pine-forest organic soils collected from
Montana, US and Northwest Territories, CA has high anti-correlation with MCE (R? = 0.916)
(Bertschi et al., 2003), overall ground-level EF(HCN) from RSC are variable. As mentioned
earlier, it is common for RSC data to have high scatter since the individual contributions from
fuel types are measured rather than a blended sample in a convection column. Finally, the
variability in HCN emissions is magnified when considering a broader range of fuel types. For
instance, there are very high EF(HCN) emissions from peat, while Christian et al. (2010) report
HCN levels below FTIR detection limits when sampling cooking fire emissions in both Mexico

and Africa.

3.3.5.3 Nitrous Acid (HONO)

HONO is an important precursor for OH radicals in the atmosphere (Broske et al., 2003).
Photolysis is the primary daytime fate of HONO and it forms OH and NO within 10-20 min
(Sander et al., 2006). Given the importance of OH as a key atmospheric oxidant, photolysis of

HONO could significantly affect the photochemistry of some aging plumes (Alvarado and Prinn,
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2009). Originally believed to be formed by secondary reactions, HONO is now recognized as a
substantial direct emission from fires that has been measured in both the lab and the field
(Trentmann et al., 2005; Keene et al., 2006; Burling et al., 2010; 2011; Yokelson et al., 2007a).
In this work, HONO was detected on four out of seven research flights and was below detection
limit in all ground-based samples. The AHONO/ANOx molar ratios in this work ranged from
0.158 to 0.329 with an average of 0.226 + 0.091, which is higher than ratios obtained from
laboratory and airborne measurements of fires in pine forest understory fuels in both Burling et
al. (2010) (0.109 £ 0.039) and Burling et al. (2011) (0.130 + 0.045), respectively. The high

AHONO/ANOy ratios in this work confirm that HONO can be a significant part of the total NO,,.

3.3.6 Sulfur containing species

Carbonyl sulfide (OCS) is a known emission from biomass burning and its long tropospheric
lifetime of 2—7 years (Xu et al., 2002) makes it a major non-volcanic source of sulfur to the
upper atmosphere (Blake et al., 2004). OCS is ultimately oxidized to SO, which is usually the
main S-containing emission of fires (Akagi et al., 2011), but SO, was not measured in this work.
We report an OCS ground-based emission factor of 0.122 + 0.187 (Table 3.3). The large
standard deviation is primarily due to the very high EF measured from the Block 22b fire, which
was approximately 20 times greater than EF measured from Block 6 or Block 9b. We report an
average airborne OCS emission factor of 0.010 + 0.003. Simpson et al. (2011) report EF(OCS)
of 0.029 + 0.007 from Canadian boreal forest fires, which is almost three times higher than our
airborne EF(OCS). Yokelson et al. (1997) measured a high EF(OCS) of 1.63 + 3.01 from boreal
peat in the lab. OCS is anti-correlated with MCE (Table 3.4) making it primarily a smoldering

emission. Analogous to nitrogen, sulfur emissions are highly dependent on fuel S content so the
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variable EF reported in literature are not unreasonable. We also observed dimethyl sulfide
emissions and report EF(DMS) of 0.032 + 0.040 (ground-based) and 0.008 + 0.003 (airborne).
Unlike OCS, dimethyl sulfide has a much shorter lifetime (~1 day, Lenschow et al., 1999) and is
quickly oxidized to compounds like SO, during daylight hours. Simpson et al. (2011) report
EF(DMS) of 0.0023 + 0.0012, which is significantly lower than what was observed in this work.
Like OCS we note good anti-correlation with MCE (Table 3.4), confirming emission of DMS

from smoldering and RSC.

3.3.7 Plume aging

Complex, highly variable photochemistry can cause large changes in smoke composition
within minutes after its initial emission. There are numerous other chemical and physical
processes that can affect fresh smoke as it begins to mix with ambient air, such as mixing with
biogenic and/or anthropogenic pollutants, cloud processing, coagulation, and gas-to-particle
conversion (Reid et al., 1998). The complexity of the aging scenario is strongly influenced by
variable factors such as temperature, time of day, humidity, cloud cover, windspeed, and
potential changes in concentration and speciation of the initial emissions at the fire source (Akagi
et al., 2012). In this work we present downwind smoke measurements that help assess how

photochemical processes and a few other factors affect plume chemistry.

Plume aging data was collected from the aircraft on four flights: Block 9b (1 Nov),
Georgetown (7 Nov), Francis Marion (8 Nov), and Bamberg (10 Nov) fires. However, the
“useable” data from this study was strongly limited by the extremely fast dilution rate of the
plumes. For context, in plume aging measurements from a California chaparral fire named the

Williams Fire, ACO values of ~350-937 ppb were observed after 4.5 h of plume aging (Akagi et
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al., 2012). In plume aging measurements in South Africa (the Timbavati Fire), ACO values of
549-644 ppb were observed after almost an hour of aging (Hobbs et al., 2003). Jost et al. (2003)
measured CO levels averaging 417 ppb after approximately 2 h of aging of a Namibian BB
plume and defined the extent of the measured plume as the region with the CO mixing ratio
exceeding 400 ppb. In contrast, in the SC plumes we typically observed an excess CO of ~25
ppb after just 1-1.5 h of aging, except on the Block 9b and Francis Marion fires, which had a few
downwind ACO near 100 ppb, which is still relatively low. In fact, ACO from the Bamberg fire
was often less than 50 ppb in the source smoke and only one source sample had ACO > 239 ppb,
which shows the effect of rapid dilution even at the source. A consequence of this rapid dilution
is a downwind SNR often ~100 times lower in SC than at the Williams Fire or Timbavati Fire.
Low ACO of 25 ppb in downwind samples approaches the uncertainty (natural variability) in
background CO (5-6 ppb), and most NMOC species are only present at ~2 + 1% of CO so they
are near or below our detection limit of ~1 ppb for most species. In summary, we obtained good
downwind CO and O data for all flights, but with the exception of methanol and formaldehyde
on the Block 9b and Francis Marion fires, downwind AFTIR NMOC mixing ratios were near or
below our limit of detection and prevent us from presenting well-supported conclusions.
Additionally, we only had enough WAS canisters to obtain one downwind WAS sample. Also
worth noting is the high background CO during this study. The Williams Fire and Timbavati Fire
had background CO of ~100 ppb, along with isolated locations far from urban emission sources.
The SC fires show average background CO mixing ratios of 170-250 ppb and were sometimes
located near major urban centers, suggesting the ubiquitous presence of urban emissions and the

inevitability of biomass burning/fossil fuel (BB/FF) mixing scenarios.
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Another concern was identifying which downwind samples were pseudo-Lagrangian. We
estimated the emission time of each downwind sample by subtracting the calculated smoke “age”
(time since emission based on windspeed and distance downwind) from the time the downwind
sample was collected. If the aircraft was sampling the source of the fire at the estimated emission
time of the downwind sample and the plume was well-mixed at the source, we then have initial
ERs that represent the starting chemistry of the downwind sample and it was classified as
pseudo-Lagrangian. Further, for each fire in SC, the ER did not exhibit significant increasing or
decreasing trends during our source sampling period so we took the fire-average ER as our best
guess of the starting ER for all pseudo-Lagrangian downwind samples. When a sample was
emitted before or after we were at the source, the fire-average ER is still our best guess at the
appropriate ER to compare the downwind NEMR too, but that guess is less strongly supported,
because the possibility is higher that the initial smoke chemistry was different when we were not
sampling the source. To make this distinction in confidence clear, all downwind samples from
all flights that were pseudo-Lagrangian are shown as solid circles and those samples that were
emitted when we were not sampling at the fire source are considered non-Lagrangian and shown
as open circles in Figs. 3.17, 3.20, and 3.21. Stated differently, since initial emission ratios
showed minimal variability over the several hours that initial emissions were sampled, this
suggests that the fire source emissions remained fairly constant. If this was the case, these non-
Lagrangian downwind samples are still showing changes in the downwind plume mostly due to

photochemistry, but we uniquely identify these samples to properly qualify our discussion.

Ozone formation downwind has been measured in various fuel types from BB (Andreae et

al., 1994; Yokelson et al., 2009; Akagi et al., 2012; Goode et al., 2000; Jost et al., 2003). Here
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we show downwind ozone data acquired from Block 9b, Georgetown, Francis Marion, and

Bamberg fires (on 1 Nov, 7 Nov, 8 Nov, and 10 Nov, respectively, Fig. 3.17).
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Figure 3.17. AO3/ACO NEMR ratios vs. time since emission (h). Airborne measurements were
collected up to ~2.5 h downwind. Fires that we were able to collect downwind data on are
shown: Block 9b (1 Nov, black), Georgetown (7 Nov, blue), Francis Marion (7 Nov, green), and
Bamberg (10 Nov, red). The y-intercept of observed trendlines is forced to the average
AO3/ACO NEMR at time t = 0 h for each given fire. Solid circles reflect data that was considered
Lagrangian while open circles labeled “non-L” represent non-Lagrangian samples collected on
that respective day.

Our most aged plume samples were collected from the Block 9b fire and are shown as black

circles. Conditions were favorable for ozone formation with clear skies. Although variability in
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the AO3/ACO NEMR is high on this day (e.g. a 15-90% range at 1.5 h), pseudo-Lagrangian and
non-Lagrangian points basically follow the same trend suggesting about 70% AO3/ACO after 2.5
h, which is the fastest ozone formation that has been measured in a biomass burning plume to our
knowledge. An additional feature of interest from the Block 9b fire is the low initial NOy ER to
CO (~0.01). Ozone production in BB plumes is normally NOy limited downwind and so low
initial NOy would suggest minimal O3 formation downwind. However, the Block 9b plume,
though clearly composed primarily of BB smoke, was sampled downwind after transport over a
region including part of the metropolitan Columbia area (population ~748,000), a large power
plant and an airport (Fig. 3.18). We believe the plume mixed with background air that likely
contained fresh NOy from fossil fuel sources and we do not suggest that the rapid ozone
formation observed is from an isolated biomass burning plume. Lee et al. (2008) and Jacob et al.
(2010) have also reported an increase in ozone formation when biomass burning emissions are

mixed with urban emissions.
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Figure 3.18. Downwind sample locations from both flights on 1 Nov (Block 9b) fire at Fort
Jackson. Urban emission sources (airport and power plant, shown as red and black squares,
respectively) are also shown.

The Georgetown and Francis Marion fires were on sunny days and in rural areas with no
obvious sources of fossil fuel emissions to mix with. Downwind data were difficult to obtain
because the fast dilution meant the plume could not be seen visually and had to be located by
trial and error using the particle instruments. However variability at the source was minimal and
we show quick ozone formation up to ~1.5% AO3/ACO in less than 30 min. This increase jumps
to 8% in 50 min if non-Lagrangian samples are considered. This formation rate is considerably
slower than that observed from Block 9b fire, but similar to the O3 formation rate observed in

tropical plumes in Africa and Mexico (Yokelson et al., 2003; Yokelson et al., 2009) and is over 4

times faster than the ~10% AQO3/ACO observed in 4.5 h in the Williams Fire (Akagi et al., 2012).
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The Bamberg fire shows the lowest/slowest formation of ozone from SC of less than 10%
AO3/ACO after 2 h. This fire took place on a cloudy day with no notable FF/BB plume mixing,
two factors which likely slowed down plume photochemistry. Ozone destruction appears to
dominate over ozone formation resulting in a net loss of ozone during the first 30-45 min of
plume aging. This is likely due in part to reaction with NO, but could be enhanced by the rapid
reaction of ozone with VOCs such as terpenes within the first hour of plume aging. While this is
the slowest O3 formation in SCREAM, we note that overall O3 formation calculated at the end of
the aging measurements available was still as fast as 0zone formation observed in the Williams

Fire.

Figure 3.19 directly compares the SC ozone formation with two other studies discussed
above: Akagi et al. (2012) who measured photochemical changes in the Williams Fire, and

Yokelson et al. (2009) who observed ozone formation in a plume in the Yucatan, Mexico.
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Figure 3.19. AO3/ACO vs. time since emission from this study (black), Yokelson et al. (2009)
(red), and Akagi et al. (2012) (green).

As mentioned above, Akagi et al. (2012) observed a AO3/ACO NEMR increase up to ~10%
of CO over the course of 4.5 h. Yokelson et al. (2009) measured a rapid increase in AO3/ACO to
~15% in less than 1 h from a plume in the Yucatan, similar to the fast ozone production (9% rise
observed in just 0.7 h) measured from three isolated African BB plumes (Yokelson et al., 2003).
In more general terms, O3 formation is probably ubiquitous in tropical BB plumes, but O3
destruction, as well as formation at many different rates can occur in extratropical plumes. For
example, Goode et al. (2000) observed an ozone rise to 9% in ~2 h in an Alaskan plume and

ozone formation in temperate BB fuels was noted previously by Hobbs et al. (1996) who report
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1.5% AO3/ACO in 30 min in a BB plume in the Pacific Northwest. Nine plumes from boreal
wildfires that were 6-15 days old were sampled in 2004 and 8 of the plumes had AO3/ACO
ranging from 9% to 89% (Van Martin et al., 2006; Lapina et al., 2006). These levels are similar
to what was observed in this work, however, we observed these high ozone levels in ~2.5 h
compared with 6-15 days. We report a SC study average AO3/ACO of ~60% in 2.5 h. The
highest ozone formation rates reported in this work are, as we mentioned above, the fastest we
have seen reported in biomass burning plumes to date and we suggest they are linked to mixing
with urban emissions, a plume mixing scenario that is expected to be widespread globally. Data
on O3 production in biomass burning plumes from ground stations, aircraft, and remote sensing
are all important for validating global models, which consistently conclude that BB is a major

global source of tropospheric O3 (Fishman et al., 2003; Sudo and Akimoto, 2007).

3.3.7.1 Methanol

In previous pseudo-Lagrangian measurements of aging biomass burning plumes the
methanol to CO ratio was stable or slowly decreased (e.g. Goode et al., 2000). In non-Lagrangian
measurements methanol/CO decreased rapidly in one biomass burning plume that was cloud-
processed (Yokelson et al., 2003; Tabazadeh et al., 2004). Holzinger et al. (2005) measured
NEMR for ACH30H/ACO and ACH3;COOH/ACO in biomass burning plumes several days old
that were enhanced by factors of 2-6 and 2-14, respectively, above their estimate of the literature
average ERs for these species. They attributed this to “pre-measurement” secondary formation of
acetone and methanol in the plumes. In this study, in both fires with sufficient downwind SNR
(Block 9b and Francis Marion burns), we observe a post-emission increase in CH3OH, which

confirms that methanol may sometimes be the oxidation product of co-emitted NMOC. The rates
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of methanol formation downwind are variable (Figure 3.20). The Block 9b fire shows a
ACH3;0OH/ACO increase from 0.013 to ~0.024 over 2 h following emission, an increase of a
factor of 1.7. As was the case for ozone data from this fire, we see Lagrangian and non-
Lagrangian data support the same general linear trend (though with high scatter) which further
suggests that the source ER were relatively stable over most of the fire lifetime. From the Francis
Marion burn we observe an even larger increase in ACH3OH/ACO from 0.012 up to ~0.03 within
the first half hour, or an increase by a factor of 2.4. The results probably demonstrate how
variability in the initial emissions can lead to differences in downwind evolution. Specifically, in
this study, the oxidation of monoterpenes, which may have been at higher than average levels,
probably contributed to the observed methanol increase. If all the initial monoterpenes
(excluding isoprene) measured from the Francis Marion fire reacted to form methanol, we would
observe a per carbon increase in ACH3;OH/ACO of ~0.032, while the observed molar increase in
ACH3;OH/ACO on this day was ~0.018. While it is highly unlikely that ~50% of monoterpene
photo-oxidation products end up as methanol, we simply show that there are sufficient
monoterpene emissions to cause a large part of the increase in ACH3;OH/ACO. Furthermore, the
initial “total” amount of monoterpenes from Francis Marion quoted above was due solely to
limonene, as other monoterpenes were not measured on this fire, but were likely present (AFTIR
could only specifically retrieve limonene). Thus, we’d expect the actual ER(Zmonoterpenes/CO)
to be significantly higher. In summary, while the mechanism for CH3;OH formation remains
speculation, this work confirms that secondary production can sometimes be significant

compared with primary emission. Secondary production of methanol, if common, would suggest
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a larger biomass burning contribution to the global methanol budget, but clearly vegetation

would still be the dominant source (Jacob et al., 2005).
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Figure 3.20. ACH30H/ACO NEMR ratios vs. time since emission (h). Airborne measurements
were collected up to ~2.5 h downwind. Fires on which we were able to collect downwind data
with good SNR, Block 9b (1 Nov, black) and Francis Marion (8 Nov, green), are included here.
The y-intercept of observed trendlines is forced to the average ER(CH3OH) at time t=0 for each
particular fire. Solid circles reflect data that was considered Lagrangian while open circles
labeled “non-L” represent non-Lagrangian samples collected on that respective day.

3.3.7.2 Formaldehyde

Increases in AHCHO/ACO were observed over the course of ~2 h following emission (Fig.
3.21). Data from Block 9b show an increase in AHCHO/ACO from 0.022 to 0.075, or by a factor
of 3.5, in just under 2.5 h. On the Francis Marion burn we observed an immediate, sharp increase

in AHCHO/ACO by a factor of ~3.7 from 0.024 to 0.089 in under 30 min. These increases are
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larger than previously reported in pseudo-Lagrangian measurements (e.g. Akagi et al., 2012)
although a similar increase was measured by the NCAR HCHO instrument, but not reported in
Yokelson et al. (2009). The downwind ACO from the Francis Marion fire were all above ~120
ppb and the samples shown all have AHCHO well above the 1 ppb HCHO detection limit,
suggesting that these dramatic increases are significant. Formaldehyde is an important source of
OH in biomass burning plumes (Mason et al., 2001) and secondary production has previously
been observed in biomass burning plumes (Akagi et al., 2012). Formaldehyde can be formed via
oxidation of many reactive NMOC. For instance, it is a known product of monoterpene oxidation
and has been the observed from alpha-pinene ozonolysis and limonene oxidation via OH
(Capouet et al. 2004; Muller et al., 2005). On the other hand, HCHO is also lost by photolysis
and reaction with OH or HO,. Clearly NMOC in addition to the terpenes invoked as examples
above also need to contribute to explain HCHO increases as large as we observe. Thus, HCHO,
and by extension OH, will be at levels heavily influenced by the particular mix of many co-

emitted NMOC.
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Figure 3.21. AHCHO/ACO NEMR ratios vs. time since emission (h). Airborne measurements
were collected up to ~2.5 h downwind. Fires which we were able to collect downwind data,
Block 9b (1 Nov, black) and Francis Marion (8 Nov, green), are included here. The y-intercept
of observed trendlines is forced to the average ER(HCHO) at time t=0 for each particular fire.
Solid circles reflect data that was considered Lagrangian while open circles labeled “non-L”
represent non-Lagrangian samples collected on that respective day.
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CHAPTER 4: CONCLUSIONS

4.1 The South Carolina Regional Emissions and Aging Measurements

campaign

The final phase of our study of southeastern US prescribed fire emissions succeeded in
greatly expanding the range of weather and fuel conditions probed and the scope of smoke
measurements collected. Our previous work probed the emissions from frequently burned
loblolly pine stands during a wet Spring. The results reported here include data for infrequently
burned longleaf pine stands during a dry Fall (October-November of 2011). The recent data
shows very large differences in emission factors for numerous species when compared to the
previous phases of the study conducted in ecosystems that are nominally “the same” in many
simplified global vegetation schemes. Thus, the results now give a much improved picture of the
real variability in emissions at least for prescribed fires in pine forest understory fuels. However,
further work would be needed to increase the ability to predict the emissions a priori from such a

variable phenomenon with reasonable accuracy.

The expanded suite of measurements resulted in data for 97 trace gas species including their
emission factors from 7 prescribed fires - from both airborne and ground-based platforms. The
measurements reported here include data for a large suite of terpene compounds emitted by
actual wildland fires for the first time. The known chemistry of the terpenes and their variable
measured initial abundance is consistent with our observations of post-emission formation of

ozone and small organic trace gases. In particular, we report the first pseudo-Lagrangian
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measurements of methanol formation in the sampled plumes (an approximate doubling) and also
the most dramatic post-emission increases in HCHO published to date (an approximate tripling).
The monoterpenes observed are known precursors of methanol and formadehyde, but other
NMOC, both measured and unmeasured likely contributed. If secondary methanol production in
biomass burning plumes is common, then the global methanol source from biomass burning
should be scaled upwards. Perhaps surprisingly, given the high variability in NMOC emissions,
the AHCN/ACO emission ratio fell within a fairly narrow range that included the AHCN/ACO
ratio for fires in many other ecosystems, further confirming the value of HCN as a biomass
burning indicator/tracer. The SC results also support an earlier finding that C3-C,4 alkynes may be
of use as biomass burning indicators on the time-scale of hours to a day. It was possible to
measure the photochemical production of ozone in four of the plumes. Slower O3 production was
observed on a cloudy day with low co-emissions of NOy and the fastest O3 production was
observed on a sunny day when the plume almost certainly incorporated significant additional
NOy by passing over the Columbia, SC metro area. In the mixed BB/FF plume AO3/ACO
reached levels from 10-90% within one hour and total O3 was as high as 104 ppb. With
population increasing both in the Southeast U.S. and in developing countries where biomass
burning is common globally, the aggressive ozone increase in mixed emissions could be an

increasingly significant public health issue.
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4.2 Future Work

The findings reported here open multiple doors toward opportunities for future work. While
this work had doubled what we know about RSC, further improving characterization of
smoldering combustion is necessary to better our understanding of flaming vs. smoldering
combustion processes. As this work confirms the emissions of monoterpenes from biomass
burning, we should next confirm biomass burning as a source of additional terpenes not
measured in SCREAM, such as terpinene. The emission of additional terpenes from BB would
increase their percentage of total NMOC along with their potential to contribute to SOA.
Additionally, we can improve characterization of smoldering combustion by searching for
emission trends amongst similar RSC fuel types (ex. logs, stumps, litter, etc.). High variability in
ground-based data may possibly be explained from assessing ground emissions based on sample
type. Other areas of future work include emissions measurements from other important fire types
in the United States including crop/agricultural fires, which were not discussed here. Lastly, we
emphasize the importance of alkynes as potential biomass burning tracers for future campaigns.
If exclusively emitted from biomass burning, C3-C4 alkynes may serve as easy to measure,

relatively long-lived tracers to help discern biomass burning from urban emissions sources.
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