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HIGHLIGHTS GRAPHICAL ABSTRACT

e Emissions from prescribed fires of
agricultural fields were measured.

e VOCs, PAHs, PCDDs/PCDFs, PM, 5 and
aerosol characteristics were
analyzed.

e PM, 5 emission factors were directly
proportional to grass residue loading.

e VOC emission factors were related to
modified combustion efficiency.

e Airplane-, laboratory-, ground-, and
aerostat-based platforms determined
emissions.
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measurement platforms to determine emission factors, compare methods, and provide a current and
comprehensive set of emissions data for air quality models, climate models, and emission inventories.
Batch measurements of PM; s, volatile organic compounds (VOCs), polycyclic aromatic hydrocarbons
(PAHs), and polychlorinated dibenzodioxins/dibenzofurans (PCDDs/PCDFs), and continuous measure-
ments of black carbon (BC), particle mass by size, CO, CO,, CHy, and aerosol characteristics were taken at

ﬁgﬁzﬁ;&l burning ground level, on an aerostat-lofted instrument package, and from an airplane. Biomass samples gathered
Emission factors from the field were burned in a laboratory combustion facility for comparison with these ground and
Wheat aerial field measurements. Emission factors for PM; 5, organic carbon (OC), CHg4, and CO measured in the
Bluegrass field study platforms were typically higher than those measured in the laboratory combustion facility.
Particulate matter Field data for Kentucky bluegrass suggest that biomass residue loading is directly proportional to the
Organics PM, 5 emission factor; no such relationship was found with the limited wheat data. CO, and BC emissions

were higher in laboratory burn tests than in the field, reflecting greater carbon oxidation and flaming
combustion conditions. These distinctions between field and laboratory results can be explained by
measurements of the modified combustion efficiency (MCE). Higher MCEs were recorded in the labo-
ratory burns than from the airplane platform. These MCE/emission factor trends are supported by 1
—2 min grab samples from the ground and aerostat platforms. Emission factors measured here are
similar to other studies measuring comparable fuels, pollutants, and combustion conditions. The size
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distribution of refractory BC (rBC) was single modal with a log-normal shape, which was consistent
among fuel types when normalized by total rBC mass. The field and laboratory measurements of the
Angstrom exponent (o) and single scattering albedo (w) exhibit a strong decreasing trend with increasing
MCEs in the range of 0.9—0.99. Field measurements of o and w were consistently higher than laboratory
burns, which is likely due to less complete combustion. When VOC emissions are compared with MCE,
the results are consistent for both fuel types: emission factors increase as MCE decreases.

Published by Elsevier Ltd.

1. Introduction

The Pacific Northwest is a notable agricultural region. Seventy-
five percent of U.S. grass seed farms are located in Idaho, Oregon,
and Washington (Wulfhorst et al., 2006). This region also accounts
for roughly 25% and 10% of total U.S. acreage for barley and wheat,
respectively (U.S. Department of Agriculture, 2015). Crop residue
burning is a widely used agricultural management tool in the
contiguous United States as a low-cost method for reducing residue
and controlling or eliminating fungal diseases, pest eggs, and weeds
(Kumar and Goh, 1999; McCarty et al., 2009; McCarty, 2011).
Burning provides the additional benefit of ash fertilization by
quickly recycling minerals back to the soil (McCarty, 2011). In the
Pacific Northwest, cereals (e.g., wheat and barley) and grass seed
(e.g., Kentucky bluegrass) are the crop types most commonly
managed with fire (Hart et al., 2012). Direct seeding of cereal crops
often includes crop residue burning to reduce or eliminate tillage
prior to seeding and thereby helps maintain soil quality and reduce
erosion (Air Sciences Inc, 2003; Huggins, 2005). However, direct
seeding in heavy residues requires specialized and expensive ma-
chinery (Air Sciences Inc, 2003; Huggins, 2005). Residue removal
through burning can reduce the costs of direct seeding while
providing the aforementioned benefits.

One disadvantage to agricultural field burning is the emissions
of particulate and gaseous pollutants that can impact local and
regional air quality as well as impact inhalation exposures. An
estimated ~1.2 million ha of croplands are burned annually on
average in the continental United States (McCarty et al., 2009).
Along with the Southeast and the Great Plains, the Pacific North-
west is a region of major agricultural burning, with cropland
burning of nearly 200,000 ha per year (McCarty et al., 2009). In
response to citizen complaints, litigation, and state legislative ac-
tion, state and tribal agencies strictly manage smoke from field
burning in the Pacific Northwest (SAFE AIR FOR EVERYONE v.
MEYER, 2004; SAFE AIR FOR EVERYONE v. US. EPA, 2007;
Seattlepi, 2003; Spokesman-Review, 2005; Wulfhorst et al,
2006). A challenge to reducing smoke impact has been to accurately
predict smoke production and dispersion over the range of atmo-
spheric conditions and burn scenarios encountered in the region
(Jain et al., 2007). These predictions critically rely on limited
emission factor data for agricultural burning (Pouliot et al., 2016).

Two previous large field studies of emissions from agricultural
burning in the Pacific Northwest provide a comparison with our
results. The studies measured meteorological variables, fuel char-
acteristics, and emission factors (PM, 5, CO,, CO, CHy, and six PAHs)
for open field burns with the primary aim of identifying PMy5
emission reduction strategies for the burning of post-harvest res-
idue (Air Sciences Inc, 2003; Johnston and Golob, 2004). More
recent laboratory simulations have provided additional informa-
tion about the composition of emissions from agricultural burning
(Dhammapala et al., 2006, 2007b; Jain et al., 2007; Johnston and
Golob, 2004). The study reported here builds upon these past
studies by providing comprehensive measurements of particulate

matter and gas phase composition of emissions from agricultural
burning using multiple measurement platforms. These measure-
ments were made on emissions from the burning of winter wheat
and Kentucky bluegrass fields in northern Idaho and eastern
Washington. Measurements of smoke were taken near and
downwind of multiple prescribed fires in the Pacific Northwest
region to provide information to evaluate and improve the repre-
sentation of smoke impact in air quality modeling systems such as
Washington State University's ClearSky (Jain et al., 2007), Airpact
(Vaughan et al., 2004), and photochemical grid models used for
regulatory assessments (Baker et al., 2016). Fuel characteristics
were measured before field burning. Fresh emissions were
measured at ground-level, with an aerostat-lofted instrument
package, and from a fixed-wing airplane to provide multiscale
emissions information. Comparison of these spatially variant
measurements whether sampling location or method introduced a
bias from, for example, disproportionate sampling of smoldering
emissions. Fuels from the field study were also burned in a
controlled laboratory facility to provide another estimate of emis-
sion factors for comparison with the field-based estimates. These
findings are compared with results from previous field experiments
and with recent, more extensive laboratory studies.

2. Methods
2.1. Biomass and site description

Four fields of Kentucky bluegrass (Poa prantensis L., “KBG”) in
Idaho and four fields of winter wheat (Triticum aestivum L.,
“wheat”), one in Idaho and three in Washington state, were burned
(Table 1) in late summer (August) for this field study. The KBG fields
represented a range of fuel loadings (determined by oven drying),
including one field that was baled. Crop yields were lower than
normal in the year we conducted our study, so the high end of KBG
and wheat fuel loadings may not be adequately represented here.
All of the Washington wheat fields had been treated with herbicide,
then left dormant (“chem-fallow”). The biomass (e.g., wheat or
KBG) was generally homogeneous across each individual unit
selected for burns. Quantities of the raw biomass were gathered
immediately prior to ignition and stored in tied plastic bags for
subsequent laboratory burn tests. The biomass was weighed in the
field using a portable balance and later oven dried for moisture
determination on a dry weight basis. Further details on field loca-
tion and biomass sampling methods are included in Treesearch
(USES,  https://www.treesearch.fs.fed.us/pubs/pending).  Each
biomass type was tested in the laboratory Open Burn Test Facility
(OBTF) under procedures described more fully elsewhere (Aurell
and Gullett, 2013).

2.2. Ground and aerostat instrumentation and sampling methods

Similar instrumentation packages, each termed the “Flyer” (SI
Fig. S1, discussed fully elsewhere (Aurell and Gullett, 2010, 2013;
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Table 1

Burn location, and fuel information.
Burn No. Location Field ID Fuel Type Fuel Load Stubble Height (m) Moisture Content (%) Size

(kg m™2) (ha)

1 Nez Perce, ID KBG B Kentucky Bluegrass baled, light fuel load 0.26 0.13 32 66
2 Nez Perce, ID KBG LL Kentucky Bluegrass light fuel load 0.36 0.14 31 66
3 Nez Perce, ID Wheat Wheat post-harvest stubble 0.37 0.18 11 66
4 Nez Perce, ID KBG HL Kentucky Bluegrass high fuel load 0.64 0.10 21 66
5 Nez Perce, ID KBG B2 Kentucky Bluegrass baled NS NS 42 66
6 Walla Walla, WA Wheat CF1 Wheat — Chem-fallow 0.69 0.38 11 96
7° Walla Walla, WA Wheat CF2 Wheat — Chem-fallow NS NS 7 36
8 Walla Walla, WA Wheat CF3 Wheat — Chem-fallow 0.76 0.42 8 27

2 All platforms except airplane.

Aurell et al., 2012)), were used on the ground and on the helium-
filled aerostat. Briefly, the Flyer was maneuvered into the plume at
an average height of 50 m using a 43 m diameter aerostat
(Kingfisher Model, Aerial Products Inc., USA) tethered to an all-
terrain vehicle (ATV) with an electric winch. A second, ground-
based Flyer was mounted on the back of an ATV atop a sam-
pling platform (2.5 m height). Measurements on board the Flyers
are detailed in Table 2. Two simultaneous PM,5 samples were
gathered at a constant airflow (10 L/min) using Teflon filters for
PM mass and quartz filters for elemental carbon (EC), organic
carbon (OC), and total carbon (TC). The EC, TC, and OC were
analyzed via a modified, thermal-optical analysis (TOA) (Khan
et al, 2012; National Institute for Occupational Safety and
Health, 2016). Volatile organic compounds (VOCs), as well as
CO, and CO, were sampled using SUMMA Canisters (Columbia
Analytical Services — CAS, U.S.A.). Additional details about PAHs
(Aurell and Gullett, 2010) and other analysis procedures are
available elsewhere (Aurell and Gullett, 2013). Field blanks were
collected and analyzed for polychlorinated PCDDs/PCDFs, PAHs,
PM, 5, EC, OC, TC, and VOCs. Background values for continuous
measurements were determined immediately before the burns. All
concentrations were blank or background subtracted to determine
the excess mixing ratio. All ground instruments were time-
synchronized each day to a GPS clock. All instruments were

Table 2
Analytes, instrumentation, and methods.

calibrated following procedures detailed elsewhere (Aurell and
Gullett, 2013). The LiCOR CO, system underwent a daily pre- and
post-sampling three-point calibration according to US. EPA
Method 3A (U. S. Environmental Protection Agency, 2016).

2.3. Aerosol optical instrumentation and sampling methods

Measurements of aerosol light absorption, scattering, and re-
fractory black carbon (rBC) mass (Table 2, “Ground aerosol optical
measurements”) were performed on the ground near the ATV-
mounted Flyer and are described in detail elsewhere (Holder
et al., 2016). A portable aerosol dilution system (Grimm DIL 550)
was used with the Single Particle Soot Photometer (SP2) in the field
to reduce the number concentration of refractory black carbon into
the instrument's range. For SP2 measurements in the OBTF
(described later), a series of dilution systems (Palas VKL 10) was
used with zero air as a dilution gas to provide a user-regulated
dilution ratio from 10:1 to 350:1. In addition to the aerosol opti-
cal properties, collocated measurements of PMy 5, EC, OC, TC, CO»,
and equivalent black carbon (eBC) were made identical to those on
the Flyer. eBC is derived from filter-based attenuation measure-
ments using the manufacturer's mass-specific absorption coeffi-
cient, and rBC is based on thermal emission of particulate carbon
absorbing laser energy (Petzold et al., 2013).

Analytes Instrument Mode Sampling period/rate Analyses and methods

Ground and aerostat measurements

Equivalent Black carbon (eBC)  AE51° Continuous  every second Filter attenuation at 880 nm

PMy5 Impactor®, 47 mm Teflon filter Batch 10 L/min Gravimetric, 40 CFR Part 50, Appendix L (1987)
PCDD/PCDF® Quartz filter/PUF Batch 850 L/min HRGC/HRMS, modified Method TO-9A (1999a)
PAHs! PUF/XAD Batch 150 L/min

VOCs SUMMA Canister Batch ~2 min GC/LRMS, Method TO-15 (1999b)

EC, OC, TC Impactor, quartz filter Batch 10 L/min Thermal/optical, NIOSH 5040 (2016)

CO, CO,, CHy SUMMA Canister Batch ~2 min GC, Method 25C (2016)

CO, LICOR-820¢ Continuous every second non-dispersive infrared (NDIR), Method 3A (1989)
Ground aerosol optical measurements

Refractory Black carbon (rBC) Single Particle Soot Photometer (SP2)  Continuous  every second Laser induced incandescence

Absorption and Scattering Photoacoustic Soot Spectrometer

(PASS-3)

Continuous 2s

Photoacoustic absorption, reciprocal nephelometer

Airplane: Cessna-206 measurements
€O, CO,, CHy4 Picarro G2401-m'
Inferred PM, 5 RR903 nephelometer®

Continuous
Continuous

2'5,0.5 L/min
2's,16.7 L/min

Cavity ring-down spectroscopy
Integrated scattering 530 nm

¢ AethLabs, U.S.

b SKCInc., US.

¢ Only aerostat-based samples were taken.
4 Only ground-based samples were taken.
¢ LiCOR Biosciences, U.S.

f Picarro, Inc., US.

& Radiance Research, U.S.
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2.4. Airplane instrumentation and sampling methods

The airplane measurement platform was a Cessna 206. Smoke
and ambient air were sampled through a 5.1 cm ventilation inlet
located on the passenger side wing. A flight-ready cavity ring-down
spectroscopic (CRDS) trace-gas analyser (Table 2) was used to take
continuous measurements of CO,, CO, and CH4 with a data acqui-
sition frequency of 2 s (Urbanski, 2013). In-flight, triple point cali-
brations using National Institute of Standards and Technology
(NIST)-traceable standards were used to ensure accuracy of the
CRDS measurements and quantify the measurement precision. A
nephelometer sampled air downstream of a cyclone with a 2.5 pm
cut point measuring integrated light scattering (bscat) at 530 nm
(Table 2, “Airplane: Cessna-206 measurements”). After the field
campaign, the measurements of bsc,¢ by the nephelometer were
calibrated with gravimetric measurements of PM; 5 mass by a series
of burns in the US Forest Service Missoula combustion facility. We
estimate the uncertainty in the “inferred” PM, 5 measurements is
~50%. Details of the nephelometer calibration and uncertainties in
the “inferred” PM2.5 are provided in the Supporting Information.
The CRDS and nephelometer instruments pulled approximately 0.5
standard L/min and 16.7 standard L/min off the sample line,
respectively. The excess sample flow and the CRDS and nephe-
lometer outflow were exhausted out the rear of the fuselage
through a 1.27 cm o.d. Teflon line. Measurements of fresh emissions
were obtained with parallel flight transects roughly perpendicular
to the long axis of the smoke plume, taken at multiple altitudes.
Emissions were determined from level-altitude flight segments
that began in smoke-free background air, passed through the
smoke plume, and then re-entered the background air. A section of
each flight segment prior to plume entry provided the background
measurements that were used to calculate the excess mixing ratios.
The background CO provided a baseline to identify the smoke
plume entry and exit points and selection of the smoke sample data
points.

2.5. Open Burn Test Facility

To simulate prescribed burning of agricultural fields, a 70 m>
enclosed, ventilated laboratory OBTF (Grandesso et al., 2011) was
used to combust the biomass and measure sample emissions. In
summary, a high-volume blower pulls ambient air to the OBTF and
together with small fans located inside the facility ensures com-
plete mixing and oxygen concentrations close to ambient
throughout the burn. The fuel charge size (0.5 kg) was spread on
the burn pan to mimic the fuel density in the fields (0.58 kg/m?2).
Biomass was burned on sand atop an aluminum-foil-covered steel
plate (0.93 m x 0.93 m). To minimize the possibility of non-
detectable PCDD/PCDF congeners, emissions from multiple burns
were composited using two Flyer samplers in parallel to obtain one
PCDD/PCDF sample. The same sampling instruments were used in
the OBTF as in the field with the addition of a carbon monoxide (CO)
continuous emission monitor. Ambient air background samples
were collected inside the OBTF after sampling to include both
ambient levels and any potential facility wall contamination.

2.6. Data analysis

A carbon mass balance approach (Ward et al., 1979) was used to
derive emission factors (EFs) using simultaneous measurements of
pollutant mass and carbon species along with the carbon fraction in
the biomass. For KBG, wheat, and chem-fallow wheat, the carbon
fractions were 0.44, 0.44, and 0.42, respectively, based on an ulti-
mate analysis of the biomass. Only CO, was measured continuously
in the field with the ground- and aerostat-based instruments due to

weight and power limitations, while both CO, and CO were
measured in the OBTF and airplane. On average, the EFs in this
study were 3.8% + 2.0% lower using CO, and CO as the carbon
source rather than only CO,. Ground- and aerostat-based grab
sample measurements using canisters include both CO and CO; in
the EF calculations. The Modified Combustion Efficiency (MCE), a
measure of a fire's flaming versus smoldering combustion, was
calculated by dividing ACO, with (ACH4 + ACO + ACO,), where
ACO;, ACO, and ACHy4 are the mixing ratio enhancements of these
gases above background. MCE provides a metric to subjectively
describe fires as flaming (MCE > 0.95) or smoldering (MCE < 0.90).
Many species produced in biomass burning are predominantly
emitted during either flaming or smoldering combustion (Burling
et al., 2010; Yokelson et al., 1996). Since MCE characterizes the
relative mix of flaming and smoldering combustion, the emission
factors were analyzed to identify correlations with MCE. The eBC
data from the AE51 were post-processed using an optimizing noise-
reduction averaging algorithm program (Hagler et al., 2011). The
eBC data were not corrected for particle loading on the filters since
the eBC concentration did not change with an increased optical
attenuation. Data were analyzed using an analysis of variance
(ANOVA) method.

The toxic equivalent factors, TEFs (Larsen and Larsen, 1998), and
the 2005 World Health Organization (WHO) TEFs (Van den Berg
et al., 2006) were used to determine the PAH toxicity equivalent
quotient, TEQ (B[a]P-TEQs) and PCDD/PCDF TEQ values, respec-
tively. Non-detectable TEF-weighted PCDD/PCDF congeners were
set to zero. Filter-based gravimetric measurements of PM; 5 during
laboratory burns of biomass collected from the fields were used to
develop a linear relationship relating bsca: to PM3.5 mass concen-
tration. The relationship is valid only for fresh smoke samples and
since bgcyt is determined by particle properties not measured (e.g.,
size distribution and chemical composition), we consider the
derived quantity as “inferred” PMj s.

3. Results and discussion
3.1. General emissions

Fig. 1 shows EFs for the sampling platforms for both KBG and
wheat. EFs are determined for PM; 5 as well as PM; 5-associated OC,
EC, and eBC. These data are enumerated in Table 3 along with TC
and MCE values for the airplane and OBTF. These emission factors
were derived from analysis of the PM; 5 impactor filters and cover
the period of time until the pressure drop indicated plugged filters.
The average sampling time was 30 min, reflecting the full range of
both active flaming and smoldering conditions but omitting the
subsequent residual smoldering stage.

PM, 5 emission factors for wheat and KBG ranged between 10
and 20 g/kg biomass burned except for the OBTF testing and the
airplane/wheat values where values were below 10 g/kg. Both the
OBTF and airplane emission factors are significantly different
(lower) than the ground and aerostat values (p-value = 0.0001,
F = 23.0). For the airplane and the OBTF, the lower PM, 5 values
appear to be associated with high MCE values (Table 3). Indeed, the
airplane PM; 5 emission factors were lower for wheat where the
MCE was highest (0.96 vs. 0.93 for KBG). No statistical difference
was found between the wheat and the chem-fallow wheat PM> 5
emission factors.

The OBTF may have higher MCE values than the values from the
field determinations due to drying of the biomass, although care
was taken to bag the samples in the field securely to avoid moisture
loss. The lower PM;5 values for the airplane contrast with the
aerostat and ground data and may partially result from dilution-
driven evaporation of organic aerosol (May et al., 2015), although
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Fig. 1. Average PM, s, EC, eBC, and OC emission factors. Bars indicate +1 standard deviation (std.).

Table 3
Aerostat, ground, airplane, and OBTF PM, 5-associated emission factors (in g/kg) by fuel type.
Fuel Type Platform MCE PM; 5 TC ocC EC eBC?
KBG Aerostat 14 +53 15+52 15+£5.2 0.50 + 0.11 0.76 + 0.33
Ground 14+7.0 11 +£6.1 11 +6.1 0.32 +0.10 0.93 + 0.073
Airplane 0.93 (11.1 £ 6.3) NS NS NS NS
OBTF 0.98 6.0 +£22 (58 +2.1) 4.8 + 1.6 (4.6 + 1.6) 42 +1.7 (4.0 + 1.6) 0.59 + 0.033 (0.57 + 0.033) 1.3 +0.28 (1.3 £ 0.26)
Wheat Aerostat 114+ 15 99+ 15 94 + 1.6 0.5+ 0.2 0.6 + 0.1
Ground 16.0 + 49 114 +24 112+ 25 0.2 +0.0 0.5+ 0.1
Airplane 0.96 (31+12) NS NS NS NS
OBTF 0.98 35+19(33+1.8) 27+13(3.1+13) 22+13(21+12) 0.51 + 0.31 (0.49 + 0.29) 0.73 + 0.26 (0.69 + 0.24)

Emission factors calculated with both CO and CO, as the carbon source are within parentheses. Others are CO, only.

NS — not sampled.
Uncertainty, +, is one standard deviation.
2 eBC collected during the same time frame as the PM, 5 batch filter.

uncertainty in the inferred PM, 5 measurement cannot be ruled out.
The nephelometer calibration, which was conducted in the labo-
ratory, depends on particle size and composition, which may
change during plume dilution and also may not be comparable if
the laboratory burns had a different mixture of flaming and smol-
dering than that seen in the lofted plume.Therefore, the ground and
aerostat measurements provide the most relevant PM, 5 EFs.

Liu et al. (2016) measured a PM; emission factor of 15.4 + 7.1 g/
kg for rice straw burning, in agreement with our ground and
aerostat measurements for both KBG and wheat residues. A pre-
vious laboratory study in the OBTF (Dhammapala et al., 2006)
measured PM; 5 emission factors for KBG of 12 g/kg (MCE = 0.90)
and wheat of 3 g/kg (MCE = 0.95); the latter is lower than our
ground and aerostat platforms but consistent with the airplane
estimates.

EC emissions were approximately the same for the wheat and
KBG. Ground values were a bit lower than other platforms. Emis-
sion factors were within the range observed in the field study by
Dhammapala et al. (2007b) of 0.15—1.09 (g/kg) but generally larger
than observations from rice straw (Liu et al., 2016) of 0.167 + 0.14
(g/kg). OC emission factors across both biomass types and all
platforms, averaged 8.8 + 4.7 g/kg. This value is much greater than
those for EC, as is common to open burning of biomass. There is
some evidence that the OC was subject to a positive artifact
(Subramanian et al., 2004) as the TC was greater than the PM2.5 EF

for the KBG Aerostat sampling platform. EC and eBC emission fac-
tors, averaged over all platforms and biomass types, were
0.5 + 0.2 g/kg and 0.8 + 0.3 g/kg, respectively, and fall within the
range estimated elsewhere for prescribed forest and grassland
burns (Aurell et al., 2015).

3.2. Aerosol optical characteristics

The burn-averaged aerosol optical properties including
Angstrom exponent (o) and single scattering albedo (w) are shown
in Table 4. The « has been used as an indicator of brown carbon and
along with w, are atmospheric absorbance and reflectivity param-
eters (Holder et al., 2016). Higher o values (>2) indicate the pres-
ence of brown carbon which absorbs at shorter wavelengths than
BC. Brown carbon likely impacts the aerosol radiative force and
leads to a reduction in photochemistry and subsequent ozone
production (Laskin et al.,, 2015). Higher v values imply a more
scattering aerosol, which can lead to a cooling effect. Optical
properties were measured for only two burns for each fuel type in
the field, so there were insufficient data to confirm emission de-
pendencies on fuel type or MCE for the field burn samples. A pos-
itive linear correlation with fuel loading was observed for w
(r? = 0.7) for all fuel types, but not with o (r> = 0.03). There was a
statistically significant difference (p < 0.01 ANOVA) between w and
a. for the same fuels burned in the field compared with the OBTF. In



A.L Holder et al. / Atmospheric Environment 166 (2017) 22—33 27

Table 4
Aerosol optical properties and size distribution by fuel type and by platform.
Fuel Type Platform MCE*® EC/TC o) o Dy, (nm) Og
532 nm 405-781 nm 405-532 nm
KBG Ground 0.94 + 0.037 0.038 + 0.013 0.90 + 0.05 3.1 +042 4.00 + 0.59 164 +7 1.49 + 0.01
(3) (4) (4) (2) (2) (4) (4)
OBTF 0.96 + 0.004 0.139 + 0.064 0.67 + 0.07 1.60 + 0.08 1.48 + 0.30 173 + 4 1.46 + 0.01
9 3) (5) (5) (5) (5) (5)
Wheat Ground 0.94 0.024 + 0.016 0.96 + 0.04 2.54 +0.31 34+0.76 165 + 10 1.53 + 0.01
(1) (4) (2) (2) (2) (3) (3)
OBTF 0.97 + 0.009 0.190 + 0.091 0.70 +£ 0.15 1.60 + 0.33 2.27 + 0.61 168 + 5 1.50 + 0.03
(17) (6) (15) (15) (15) (17) (17)

Numbers in parentheses denote number of measurements.
Uncertainty, +, is one standard deviation, or range for two measurements.
@ MCE calculated from 1 to 2 min sample may not be reflective of the entire burn.

the OBTF, w and o were consistently lower than the values
measured in the field. Since the MCE was consistently higher in the
OBTF compared to the field, the varying optical properties were
likely due to differing combustion conditions in the OBTF versus the
field. There was no statistically significant difference of either o or v
with the fuel type for the OBTF burns.

When the field and OBTF data are combined, o increases
exponentially with increasing w, agreeing with biomass burning
emissions in laboratory conditions (Lewis et al., 2008; Liu et al.,
2014; McMeeking et al., 2014). There was a linear decrease in w
with increasing EC to TC ratio (r*> = 0.80 in field, r> = 0.68 all data),
showing that EC (or BC) is the primary absorber at 532 nm. There
was no clear relationship between o and EC to TC ratio (r? = 0.25)
for these field burns, which showed similar o values despite a
spread of EC to TC ratios from 0.005 to 0.058. However, inclusion of
the OBTF burns shows a trend of increasing o with decreasing EC to
TC ratio (r? = 0.52), similar to the exponential increase in o with
decreasing rBC fraction seen for laboratory biomass burns by others
(McMeeking et al., 2014).

Very few measurements of aerosol optical properties of fresh
emissions from wildland fires are available for comparison and to
our knowledge, there are no published measurements of aerosol
absorption for emissions from in-field burning of KBG or wheat
residues. In a previous study using the same experimental
approach, an w (550 nm) of 0.83 and o (405—781 nm) of 2.4 were
measured for a prescribed burn of grasslands in Florida (Holder
et al., 2016). Liu et al. (2016) measured an o (532—470 nm) of
3.34 + 0.62 for airborne measurements of fresh emissions from rice
straw burning, which is similar to the o observed for the field wheat
straw burns, despite the different fuel and measurement method.
Abel et al. (2003) measured a w (550 nm) of 0.83 for agricultural
burning in Africa. Reid and Hobbs (1998) measured substantially
lower w (550 nm) of 0.76 + 0.08 for grassland fires in Brazil. Lab-
oratory measurements have also exhibited substantially lower w
and o than these in-field burns. For example, Liu et al. (2014)
observed ® (532 nm) of 0.78 + 0.17 and « (405—781 nm) of
1.95 + 0.65 for wheat straw taken from various locations in the U.S.
These large differences between our field and OBTF measurements
and those other studies come into better agreement when
compared on the basis of MCE (Fig. 2). Both o. and w exhibit a strong
decreasing trend with increasing MCEs in the range of 0.9—0.99 (Liu
et al., 2014). The field measurements and OBTF measurements
exhibit the same relationship with MCE suggesting that the w
parameterization as a function of MCE developed by Liu et al.
(2014) is valid for fresh emissions from in field burning of agri-
cultural residues.

3.3. rBC size distributions

Mass median diameters (D) and geometric standard deviations
(og) for the burn-averaged rBC mass weighted size distributions are
shown in Table 4. All rBC size distributions exhibited a lognormal
shape (Fig. S2) with a single mode that when normalized by total
rBC mass concentration were similar across fuel types, despite
varying mass concentrations and dilution conditions. The rBC
emissions from KBG burned in the OBTF had statistically significant
larger Dy, (173 nm + 4 versus 165 nm + 1, p = 0.03) and smaller oy
(1.46 nm + 0.01 versus 1.49 nm + 0.01, p = 0.004) than rBC from
KBG burned in field. No comparison could be made for either wheat
or chem-fallow wheat because of the small number of field burns
measured. There was no statistically significant difference in Dy, by
fuel type for the OBTF burns. Overall, the differences in the rBC size
distribution among the different field burns were small and likely
less than the uncertainty in the rBC mass measurement. The un-
certainty in the rBC mass measurement could not be quantified due
to the uncertain applicability of the SP2 calibration material
(fullerene soot) to emissions from agricultural residue burning.

The rBC size distributions from these agricultural residues were
similar to emissions from grassland fires (D, = 174 nm) in Florida
but much smaller than those observed from a fire on forested land
(D = 209 nm) (Holder et al., 2016). Other measurements of rBC
size distributions from wildland fires have been mainly from
forested areas in North America. Dy, values of 190 nm for a boreal
forest in Canada (Kondo et al., 2011), 220 nm for a temperate forest
in South Carolina (May et al., 2014), and 210 nm for brush land in
Texas (Schwarz et al., 2008) have been observed. Sahu et al. (2012)
measured D, at 200 nm over parts of California that may have
resulted from agricultural burning. However, without detailed in-
formation of the fuels burned in these fires, it is difficult to deter-
mine if the rBC size distribution depends on fuel type or
combustion conditions. May et al. (2014) measured rBC size dis-
tributions of biomass fuels burned in the laboratory, but found no
clear dependence on fuel type or on MCE. However, they observed
much larger rBC sizes in South Carolina (220 nm) wildland fires
compared to the average of similar fuels burned in the laboratory
(170 nm), suggesting that conditions in laboratory burns may not
accurately mimic the rBC size distribution emitted from wildland
fires. We did not see such a large difference between the field and
OBTF rBC size distributions for agricultural residues, so this lack of
agreement may be limited to the larger scale forest fuels. These
shifts in size distribution that may occur by fuel type are important
as the size distribution of rBC and PM govern their atmospheric
lifetime, the ability to act as cloud condensation nuclei, and radi-
ative impact (Winijkul et al., 2015).
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Fig. 2. Single scattering albedo (w) at 532 nm and absorption angstrom exponent (o) for 405—781 nm for burn averaged values. “Ground” CO measurements for MCE are 2 min
samples and may not be reflective of the whole burn. Liu et al. (2014) measurements are for wheat and a variety of grass species.

3.4. PAHs and PCDD/PCDF

Emission factors for 16 gas and particle phase PAHs are shown in
Table 5. The average field emission factors for the sum of the 16
PAHs were 53 and 33 mg/kg for KBG and wheat, respectively. The
emission factors from the OBTF were substantially lower than those
from the field, most prominently for KBG, 15 versus 53 mg/kg.
These biomass and field/OBTF results both may be relatable to MCE,
where higher MCE values are associated with lower combustion
byproducts. Of all these emission factors, only the average, TEF-
weighted KBG emission factor from the field (0.49 mg B[a]P-TEQ/

0.58 mg B[a]P-TEQ/kg and wheat at 0.64 mg B[a]P-TEQ/kg
(Dhammapala et al., 2007b). The average wheat emission factor
(0.20 mg B[a]P-TEQ/kg) is notably lower than the laboratory mea-
surement for that fuel type (Dhammapala et al., 2007b) for an
unknown reason.

PCDD/PCDF values were determined from the field aerostat and
OBTF samples (ground and airplane samples were not collected due
to equipment limitations). Despite creating a multi-burn composite
emission sample for each of the biomass types, copious non-detects
(NDs) resulted amongst the 17 toxic equivalency factor (TEF)-
weighted PCDD/PCDF congeners for the wheat and KBG samples,

kg) is similar to previously reported laboratory tests with KBG at indicating both low PCDD/PCDF concentrations and that

Table 5

PAH emission factors in mg/kg.
PAH KBG Wheat

Field® (n = 2) OBTF® (n = 1) Field (n = 3) OBTF (n = 2)

mg/kg biomass
Naphthalene 26.51 + 0.24 7.81 2219 +2.14 6.97 + 2.15
Acenaphthylene 9.02 + 1.00 1.65 240 + 054 1.73 £ 0.54
Acenaphthene 1.22 +0.18 0.28 0.53 + 0.1 0.23 + 0.1
Fluorene 338 +£0.71 125 2.33 +£0.52 1.13 + 0.52
Phenanthrene 6.30 + 0.46 1.53 2.46 + 0.56 1.57 + 0.56
Anthracene 1.41 + 0.07 0.52 0.70 + 0.21 0.48 + 0.21
Fluoranthene 1.82 + 039 0.50 0.59 + 0.16 0.47 + 0.16
Pyrene 1.50 + 0.38 0.45 045 + 0.11 042 +0.11
Benzo(a)anthracene 0.45 + 0.11 0.16 0.16 + 0.05 0.17 + 0.05
Chrysene 0.57 + 0.04 0.15 0.22 + 0.03 0.15 + 0.03
Benzo(b)fluoranthene 0.28 + 0.05 0.07 0.27 + 0.02 0.07 + 0.02
Benzo(k)fluoranthene 039 +0.14 0.06 0.46 + 0.01 0.07 + 0.01
Benzo(a)pyrene 0.27 = 0.10 0.09 0.08 + 0.03 0.09 + 0.03
Indeno(1,2,3-cd)pyrene 0.16 + 0.07 0.05 0.04 + 0.02 0.05 + 0.02
Dibenz(a,h)anthracene 0.04 + 0.00 0.01 0.02+0 0.01 +0
Benzo(ghi)perylene 0.17 + 0.08 0.04 0.04 + 0.01 0.05 + 0.01
Sum of reported PAHs 53.49 + 2.25 14.61 32.95 + 4.51 13.65 + 4.51
Sum as mg B[a]P TEQ/kg biomass 0.49 + 0.15 0.15 0.20 + 0.04 0.15 + 0.04
PAH Field® (n = 1) OBTF’ (n = 1) Field® (n = 2) OBTF? (n = 2)
ng/kg biomass
PCDD TEQ 0.130 0.003 0.250 0.083
PCDF TEQ 0.052 0.017 0.072 0.061
PCDD, PCDF TEQ 0.182 0.020 0.322 0.144
PCDD, PCDF TEQ —congener ratio method 0.182 0.022 0.362 0.053

2 EFs based on CO, measurements only. Ground-based measurements only.
b Emission factors from the OBTF that also include CO values (only available from the OBTF) show less than a 5% decline in EF values from those calculated with CO, only.
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insufficient sample volume was collected to avoid non-detects. In
addition, three of the samples had a residual octadibenzofuran
(OCDF) congener left over from a previous program's samples that
had unexpectedly high concentrations. This affected values for the
two HpCDF congeners and the OCDF congener. PCDD/PCDF emis-
sion factors are reported in Table 5 with non-detect and contami-
nated congeners as zeros. Wheat EFs are higher than those for KBG
in the field and OBTF. While this difference may be due to the
chem-fallow  treatment that used salts of 24-
dichlorophenoxyacetic acid, the limited number of trials makes
conclusions premature. In both crop cases, PCDD/PCDF EFs are
lower in the OBTF, consistent with observations for PM, 5, CHy, and
CO. The higher field MCE value for wheat would have been ex-
pected to result in lower PCDD/PCDF values, as PCDD/PCDF for-
mation results in part from incomplete carbon combustion(Stieglitz
et al.,, 1989). This observation is limited by the small number of
observations for each condition. Congener-specific data are
included in Table S1.

To analyze the potential effect of the non-detect congeners, a
second method was used to determine the EF. Seven congeners that
were detectable in all six samples were summed and used in a ratio
with the one sample that had all 17 congeners detectable. The ratio
of the sum of the 7 to 17 congeners for the latter sample was
applied to the other samples to calculate the 17-congener, TEF-
weighted values for PCDD/PCDF concentration. Results (last row
of Table 5) indicate that field-sampled PCDD/PCDF values were
about 7—9 times higher than those values from the OBTF, again
likely indicative of the higher MCE values observed in the labora-
tory OBTF burns. Field emission factors for KBG and all wheat were
0.182 and 0.322 ng TEQ/kg burned, respectively, while OBTF values
were 0.022 and 0.053 ng TEQ/kg burned. The largest difference
between these two methods of PCDD/PCDF EF determinations were
found in the OBTF wheat sample (0.144 ng TEQ/kg in the ND = 0
method and 0.053 ng TEQ/kg in the estimated method).

These field PCDD/PCDF results (0.182 and 0.322 ng TEQ/kg) were
below previous OBTF emission factor results for wheat stalk burns
(0.35—0.60 ng TEQ/kg; (Gullett and Touati, 2003);) and grass burns
(0.26—0.56 ng TEQ/kg; (Black et al., 2011);). The same-biomass,
laboratory OBTF tests have much lower emission factors than the
field tests, differences consistent with results (e.g., PM> s, eBC) cited
above. These differences are likely reflective of the higher MCE
values in the OBTF. Improved combustion, potentially due to lower
moisture levels, higher laboratory ventilation rates, and the
absence of the ground heat sink, may be the cause of lower PCDD/
PCDF formation.

3.5. Volatile gases and MCE

Emission factors for major and trace volatile gases are shown in
Table 6. “Major” gases are defined here as those that are approxi-
mately 1% by mass of the total reported VOCs and are reported in
order of declining mass. These data are derived from SUMMA
canister analyses and reflect a canister fill time of approximately
2 min, ranging from about 30 s to 4 min. Since the canister data
included CO measurements, MCE values could be determined,
allowing for a robust analysis of the relationship between emission
factors and MCE values. Once canister per burn for each of the
aerostat, ground, and OBTF was sampled.

Ground-, aerostat-, and OBTF- measured VOC emission factors
(Tables S2 and S3) were regressed against MCE using four group-
ings of data (all sources, field-only, wheat, and KBG) to check for
effects of fuel type and for consistency between the field and OBTF
measurements. The best fit parameters (slopes and intercepts) of
VOC emission factors and MCE regression fits for all data and the
field-only data were not statistically different (the standard

uncertainty ranges overlapped) for any VOC except propene. For
compounds with a minimum of six measurements per fuel type, we
evaluated the data for an effect of fuel type on the VOC — MCE
relationships by applying Chow's test for heterogeneity of two re-
gressions (Chow, 1960). Statistics for EF-MCE regressions for all
VOCs are shown in Table S4. Results for 13 compounds are
consistent with a significant fuel type effect (90% confidence level
or better) with larger slopes for KBG. Fig. 3 shows emission factor
vs. MCE plots for four of these compounds. The regressions predict
KBG VOC emission factors to be greater than wheat emission factors
by more than 40% at the field average MCE of 0.95. In the case of
propene (C3Hg) and naphthalene, there was not a significant rela-
tionship between the emission factor and MCE for the wheat,
despite robust EF-— MCE relationships for KBG, indicating a fuel
type effect for these compounds as well. Six compounds showed
strong relationships with MCE that were not significantly affected
by fuel type. Nine compounds were not evaluated for fuel type
effect due to an insufficient number of measurements.

Nephelometer and CRDS measurements from the airplane for a
typical smoke sample are shown in Fig. S3. Each 2 s data point
represents a flight segment of approximately 120 m in length based
on the typical ground speed of 60 m s~! during smoke sampling.
The number of data points per smoke sample varied with disper-
sion conditions. On seven of the eight fires studied, the Cessna
airplane sampled emissions over the lifecycle of the fires obtaining
multiple samples that transected the plume immediately down-
wind of the fields. The number of samples depended on the fire
size, duration, and dispersion conditions. Thirty five samples were
taken during 8 burns with median altitudes ranging from 850 m to
1450 m. The spatially and temporally extensive plume sampling
from the airplane resulted in an estimate of each fire's average MCE
and COy, CO, and CH4 emission factors (Table S5). The average MCE
for the wheat burns (0.963) was higher than that for the KBG burns
(0.937) (Fig. S4) although no correlation was found between sample
height and MCE (r = —0.07, p = 0.67). The MCE difference likely
results in part from differences in residue moisture content (RMC),
which averaged 31% and 10% for the KBG and wheat fields,
respectively. Overall the fire-average MCE decreased with
increasing residue moisture content (r = —0.62), although the trend
was not statistically significant (p = 0.13), meaning other factors
(e.g., time of day, humidity, etc.) contributed to this difference to
some degree. The variability in fire-average CH, is explained largely
by MCE (Fig. 5) such that the CH4 vs. MCE regression fit is not
statistically different from that for the aerostat, ground, and OBTF
samples.

The consistent response to MCE suggests the EFVOC — MCE
regressions derived from the batch measurements (Table S5) may
be used to estimate fire-average emission factors over a range of
MCE conditions. Using the EF — MCE regression fits in Table S4, we
estimate VOC emission factors (at MCE = 0.957) for direct com-
parison with the wheat residue emission factors of (Stockwell et al.,
2015). The Stockwell et al. (2015) emission factors in Fig. 4 are av-
erages from their laboratory burns (their Table S2, average
MCE = 0.957). Comparing the wheat emission factors, with the
exception of acetonitrile the emission factors for their study are
higher with ratios being 1.4 to 1.8. We may also compare our
emission factors for acetonitrile, benzene, and toluene with emis-
sion factors measured for agricultural fires in the southeastern U.S.
From an airplane platform, Liu et al. (2016) measured emissions
from 15 agricultural fires believed to be rice straw. The average MCE
of these fires was 0.93 + 0.018 and average emission factors (mg/kg)
were 169 + 123 for acetonitrile, 275 + 139 for benzene, and 167 + 91
for toluene. Using our EF-— MCE relationships from Table S4, we
estimate an emission factor (mg/kg) of 173 for acetonitrile, 190 for
benzene, and 128 for toluene at MCE = 0.93, which are in
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Table 6
Emission factors for major and select trace gases.
Compound KBG Wheat
Aerostat Ground OBTF AVG STD Aerostat Ground OBTF AVG STD
MCE 0.96" 0.94° 0.98 0.96 0.02 0.95° 0.96° 0.98 0.96 0.02
g/kg biomass g/kg biomass
Methane 1.0 1.8 0.58 1.1 0.61 1.1 0.81 0.61 0.83 0.23
Carbon Monoxide 44.0 59. 20. 41. 20 47. 42. 20. 37 14.
Carbon Dioxide 1600 1500 1600 1600 33 1500 1500 1500 1500 47.0
Sum of VOCs” 1.7 23 0.36 14 0.97 1.2 1.0 0.61 0.96 0.32
mg/kg biomass mg/kg biomass
Vinyl Acetate 390 620 53 360 290 280 300 73 220 124
Acrolein 270 430 51 250 190 210 200 62 160 83
Acetone 270 200 ND 240 52 210 150 27 130 94
Propene 190 290 120 200 84 150 110 280 180 87
Benzene 110 170 34 110 68 66 55 40 54 13
Toluene 96 140 32 89 54 120 39 ND 80 58
Acetonitrile 97 130 27 84 51 82 53 12 49 35
2-Butanone (MEK) 82 240 19 110 110 130 42 27 67 56
1,3-Butadiene 68 90 2.2 53 46 42 25 15 27 14
Acrylonitrile 36 46 8.2 30. 20 18 14 3.4 12 7.5
Styrene 28 11 1.9 23 20 13 9.4 4.6 9.0 43
m-,p-Xylenes 17 27 5.7 17 11 11 8.7 6.1 8.7 2.6
4 CO measurements from SUMMA canister grab sample.
b Sum of detectable compounds.
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Fig. 3. Select VOC emission factors (mg/kg) as a function of MCE (a—c) for the ground, aerostat, and OBTF platforms where the solid and dashed lines are linear regression best fit for
wheat and KBG, respectively, and (d) for the ground, aerostat, OBTF, and airplane platforms where the solid and dashed lines are linear regression best fit for ground, aerostat, and
OBTF (solid) and airplane (dashed) platforms.

reasonable agreement with Liu et al. Finally, CO emission factors are
similar to other studies of KBG and wheat crop residue, especially

when comparing emission factor measurements made at similar
MCE (Dhammapala et al., 2006, 2007a).
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Fig. 5. Methane (CH4) emission factors as a function of MCE for fire average values
measured in this study from the airplane platform (Solid line, slope = — 44.9 (+2.5),
R? = 0.98) and from literature (dashed line, slope = — 56.2 (+7.5), R? = 0.84 (Stockwell
et al., 2014b), and dash-dot line, slope = — 39.3 (+3.9), R? = 0.81, Air Sciences Inc
(2003).

4. Comparison with field studies of crop residues in the
pacific northwest

4.1. Wheat residue

We compared the average of our wheat burn results obtained
from the airplane platform (Table S5) with the spring season av-
erages reported previously in eastern Washington (Air Sciences Inc,
2003) with biomass with similar residual moisture content (~10%).
There is excellent agreement between the studies with MCE and
emissions factors for CO, CHg, and PM, 5, each differing by < 10%.
The ID and WA Chem fallow wheat fields appeared alike and ho-
mogeneous resulting in similar PM; 5 emission factors. Addition-
ally, as shown in Fig. 5, the full spring and fall CH4 data have a
strong linear dependence on MCE
(CH4 = —39.3 + 3.9 x MCE + 39.0 + 3.7, uncertainty of one standard
error, R? = 0.82) with a slope that is consistent with those observed
in our study (i.e., the standard uncertainty ranges overlap). The
consistency between the datasets suggests our VOC — MCE re-
gressions may be generally applicable to the burning of cereal-crop
residues. Also plotted in Fig. 5 are CH4 for the burning of wheat

residue as measured in recent laboratory experiments (Stockwell
et al, 2014a). The slope of the CH4 — MCE regression of the
(Stockwell et al., 2014a) data is a significant percentage higher than
the slope of the CH4 — MCE regression observed in our study (25%
vs. airplane and 70% vs. ground/aerostat/OBTF) or that of the Air
Sciences Inc (2003) study (43%). We do not have an explanation
for this difference. The limited variation in wheat stubble residue
loading (5%) did not result in any observable trends for both PM; 5
emission factors and MCE.

4.2. Kentucky bluegrass

Previous KBG research efforts (Johnston and Golob, 2004)
measured emission factors from the burning of KBG in low residue
(fields baled post-harvest, ~4.1 tonnes/ha or 1.8 ton/acre) and high
residue (~9 tonnes/ha or 4 ton/acre) fields in northern Idaho and
eastern Washington to evaluate the effect of pre-burn residue
loading on emissions. The focus was PM; 5 emissions, and their
study found PM; 5 did not respond significantly to pre-burn residue
loading, residue consumption, or residue moisture content. In our
work, however, our limited data for both aerostat-, ground-, and
airplane-based measurements found that the PM; 5 emission factor
was proportional to the dry residue loading (see Fig. 6). A three-fold
increase in residue amount appears to be directly associated with
higher PM, 5 emissions. This may be due to more smoldering,
however, this did not show up in a relationship with MCE. Our
limited data (n = 9) show no apparent trend between MCE and
residue amounts. This is in contrast to Johnston and Golob (2004)
where the average PM; 5 emission factors were roughly the same
for the low and high residue burns (28.5 g/kg and 28.2 g/kg,
respectively), yet their MCE, CO, and CH4 were significantly
different. For both low and high density fields, CO, CHy4, and PM3 5
were much higher than the values measured for the KBG fields
burned in our study. Their average emissions for the high residue
fields (MCE = 0.82, CO = 211 g/kg, CH4 = 20.1 g/kg) were consistent
with smoldering dominated combustion (Burling et al., 2010;
Yokelson et al., 1996). The low residue fields, which had a pre-
burn loading similar to the fields in our study, also had emissions
consistent with significant smoldering combustion (MCE = 0.87,
CO = 147 g/kg, CH4 = 8.9 g/kg). Johnston and Golob (2004) found
that CO and CH4 increased (and MCE decreased) with increasing
residue moisture in the baled fields. However, the large difference
in emissions between our study and theirs is not explained by re-
sidual moisture content as the KBG fields burned in our study had a
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Fig. 6. Effect of KBG crop residue density (dry weight) on PM2.5 emission factors
across all platforms. PM from field B and LL were gathered on the same sample media.



32 A.L. Holder et al. / Atmospheric Environment 166 (2017) 22—33

higher moisture content (mean = 32% vs. mean = 16% (range 9%—
29%)). The CH4 difference is not explained solely by differences in
MCE as our CH4 — MCE regression curve predicts 5.0 g/kg at
MCE = 0.87. The slope of the CH4 - MCE relationship derived from
the Johnston and Golob (2004) data (CH4 = —160 x MCE + 151,
R? = 0.92) is much higher than the slope of the CH4 - MCE rela-
tionship measured in our study or that of Stockwell et al. (2015),
indicating that our VOC — MCE regressions are not consistent with
the Johnston and Golob (2004) burns and may not be broadly
applicable to the burning of KBG residue. The MCE and emission
factors reported by Johnston and Golob (2004) are indicative of
fires with significant smoldering combustion and are in stark
contrast with MCE and emission factors in our study and Air
Sciences Inc (2003). Johnston and Golob (2004) attributed these
differences in combustion efficiency in part to changes in the
structure of the fuel (e.g., moist residue on the ground below a drier
layer), which was impacted by field management practices. This
difference along with the differences observed between the field
and OBTF measurements seen here point to the importance of both
moisture content and structure of the fuel as important parameters
determining the MCE and thus emission factors.

5. Conclusions

This work reported and compared emission factors determined
from agricultural field burning of wheat stubble and Kentucky
bluegrass using ground-, aerostat-, airplane-, and laboratory-based
methods of sampling. The biomass density and field treatments
varied, resulting in emission factors that represented a range of
likely field conditions. Wheat fields burned with a higher MCE than
Kentucky bluegrass and resulted in lower emission factors for
PM, 5, OC, PAHs, CH4 and CO and higher emission factors for CO,,
PCDDs/PCDFs, and eBC, as expected. PM, 5 emission factors for
Kentucky bluegrass fields are proportional to residual loading; no
such relationship could be observed in the data for wheat stubble
fields. Laboratory emission factors differed from those in the field
likely due to higher combustion efficiencies in the laboratory as
reflected by higher MCE values. This difference may have been due
to higher moisture in the field-burned biomass, either in the
biomass itself or the soil. Distinctions were observed in some field
emission factors that may depend on the sampling platform,
however, the minimal overlap of like-instruments and the limited
number of replicates limit any definitive statements.

Field and laboratory measurements support the concept of a
robust relationship between emission factor values and MCE values
that may be used to estimate emissions for wheat and Kentucky
bluegrass residues over a wide range of combustion conditions.
This robust relationship was demonstrably true for VOCs, where we
reported field-measured emission factors for 45 VOCs. To our
knowledge, these are the first published wheat and Kentucky
bluegrass field-measured emission factors for most of these
compounds.

PCDD/PCDF emission factors were consistent with previous
biomass combustion results in both laboratory and field sampling.
We believe the aerostat-based measurements are the first such
aerial emission factors made on agricultural fires.

Very few measurements of aerosol optical properties of fresh
emissions from wildland fires are available for comparison, and to
our knowledge, there are no published measurements of aerosol
absorption for emissions from in-field burning of Kentucky blue-
grass or wheat residues. Our published values of Angstrom expo-
nent (o) and single scattering albedo (w) show large differences
between field and laboratory measurements, likely due to MCE
differences consistent with the emission factor determinations.
Greater combustion efficiency (higher MCE) is associated with

lower o and w values.

For the fires sampled in this study, the agricultural residue types
burned with different fire-average MCE: 0.963 for wheat and 0.937
for Kentucky bluegrass. However, the extent to which the com-
bustion conditions (MCE) of these fires represent burning
throughout the Pacific Northwest is uncertain. The wheat residue
burned in this study was dry (RMC < 15%) and fire-average
MCE = 0.963 (+0.011), suggesting that our emission factors are
applicable across the Pacific Northwest for dry wheat residue.
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