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Abstract. Inthe US, wildfires and prescribed burning present suggests that fuel composition was an important factor con-
significant challenges to air regulatory agencies attemptingributing to the low MCE of the fires measured in this study.
to achieve and maintain compliance with air quality regula-  This study only measured EF for GACO, and CH; how-
tions. Fire emission factors (EF) are essential input for theever, we used our study average MCE to provide rough esti-
emission models used to develop wildland fire emission in-mates of wildfire-season EF for B and four non-methane
ventories. Most previous studies quantifying wildland fire organic compounds (NMOC) using MCE and EF data re-
EF of temperate ecosystems have focused on emissions froported in the literature. This analysis suggests the Ef$°M
prescribed burning conducted outside of the wildfire seasonfor wildfires that occur in forests of the northern Rocky
Little information is available on EF for wildfires in temper- Mountains may be significantly larger than those reported
ate forests of the conterminous US. The goal of this workfor temperate forests in the literature and that used in a recent
is to provide information on emissions from wildfire-season national emission inventory. If the MCE of the fires sampled
forest fires in the northern Rocky Mountains, US. in this work are representative of the combustion character-
In August 2011, we deployed airborne chemistry instru-istics of wildfire-season fires in similar forest types across
ments and sampled emissions over eight days from thre¢he western US then the use of EF based on prescribed fires
wildfires and a prescribed fire that occurred in mixed conifermay result in an underestimate of wildfire B¥and NMOC
forests of the northern Rocky Mountains. We measured theemissions. Given the magnitude of biomass consumed by
combustion efficiency, quantified as the modified combus-western US wildfires, this may have important implications
tion efficiency (MCE), and EF for C&® CO, and CH. Our  for the forecasting and management of regional air quality.
study average values for MCE, EF@EFCO, and EFCH
were 0.883, 1596 gktf, 135gkg?, 7.30gkg?, respec-
tively. Compared with previous field studies of prescribed
fires in temperate forests, the fires sampled in our study had Introduction
significantly lower MCE and EFCg&and significantly higher
EFCO and EFCHl Biomass burning (BB, defined here as the open burning
The fires Samp|ed in this Study burned in areas reported t@f biomass which includes wildfires and preSCfibed fires in
have moderate to heavy components of standing dead tredgrests, savannas, grasslands, and shrublands, and agricul-
and down dead wood due to insect activity and previous firefural fire, such as the burning of crop residue) is a major
but fuel consumption data was not available. However, ansource of global trace gases and particles (van der Werf et
analysis of MCE and fuel consumption data from 18 pre-2l., 2010; Wiedinmyer et al., 2011). In terms of total global
scribed fires reported in the literature indicates that the availsource, BB emissions are estimated to account for 40 % of
ability of coarse fuels and conditions favorable for the com- carbon monoxide (CO), 35 % of carbonaceous particles, and

bustion of these fuels favors low MCE fires. This analysis 20 % of nitrogen oxides (N@ (Langmann et al., 2009). The
contribution of BB in the conterminous US to global BB
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emissions are minor (van der Werf et al., 2010; WiedinmyerDuring July, the fire activity expands northward along the
etal., 2011). However, emission estimates published prior tdRocky Mountains and through the Great Basin with the epi-
this study suggest that wildland fires (defined here as wild-center of activity migrating into northern Nevada and south-
fires and prescribed fires in forests, savannas, grasslandsrn Idaho. Fire activity occurs throughout the interior west
and shrublands) account for a sizeable fraction of the anand Pacific Northwest over July. By August, the center of
nual total PM s and CO emissions in the western US (as fire activity moves into the northern Rocky Mountains and
much as 39 % and 20 %, respectively) (Urbanski et al., 2011)Pacific Northwest. Fire activity decreases in September and,
Because wildfire emissions are episodic and highly conceneutside of California, is minimal in October. Wildfires in Cal-
trated both temporally and spatially (Urbanski et al., 2011),ifornia exhibit more seasonal variability and significant fire
such annualized comparisons may greatly understate the p@&ctivity may occur throughout June—October. In California,
tential impact of the wildfires on the daytime scale that is fire activity is usually greatest in October and, in some years,
pertinent to air quality forecasting and management. wildfire conditions persist well into November. The extent
In the US, emissions from wildland fires have a significantto which wildfires impact different western US ecosystems
impact on air quality and present major challenges to air regvaries intra-seasonally and inter-annually. In recent years,
ulatory agencies responsible for achieving and maintainingorests (of all types) have comprised 44 % of wildfire burned
compliance with federal National Ambient Air Quality Stan- area (based on a geospatial overlay of 2001-2010 Monitoring
dards (NAAQS; USEPA, 2012c) for ozone {Cand P\ 5 Trends in Burn Severity fire boundaries (MTBS, 2012) and a
(particulate matter with an aerodynamic diamete2.5um)  Remote Sensing Application Center/Forest Inventory Anal-
and the Regional Haze Rule (USEPA, 1999). The purpose of/sis forest map, Ruefenacht et al. (2008)). However, due to
the Regional Haze Rule is to reduce pollution which causeghe greater fuel loadings of forests compared to grasslands
visibility impairment in national parks and wilderness areas.and shrublands, fuel consumption and emissions are domi-
Particulate matter is the primary contributor to visibility im- nated by forest fires (Urbanski et al., 2011) (fuel loading is
pairment in areas covered by the Regional Haze Rule. Bethe dead and live biomass available for combustion per unit
cause @ is a secondary pollutant resulting from complex area, Sandberg et al., 2001).
chemistry, quantifying the individual contribution of wild- Wildland fire emission inventories (El) provide essential
fires or prescribed fires togformation is difficult. A thor-  input for atmospheric chemical transport models used by air
ough review of regulatory issues associated with wildfige O regulatory agencies to understand and to predict the impact
production is provided by Jaffe and Wigder (2012). Acute of fires on air quality. Fire emission factors (EF), which quan-
impacts of wildfires and prescribed fires on PMevels in  tify the amount of pollutants released per mass of biomass
urban areas have been reported in numerous studies (DeBddurned, are essential input for the emission models used
et al., 2004; Liu et al., 2009; Sapkota et al., 2005) and docuto develop El. Over the past decade, substantial progress
mented by air regulatory agencies (USEPA, 2012b). Wild-has been made characterizing the composition of fresh BB
land fires have also been identified as important contribusmoke and in quantifying BB EF (Akagi et al., 2011). Yet,
tors to visibility reduction in areas protected by the Regionalsignificant gaps in the current knowledge of EF remain in
Haze Rule (Brewer and Moore, 2009). many areas. Little information is available on EF for forest
Wildland fires in the US may be divided into two classes: fires that occur in the western US during the wildfire sea-
prescribed fires and wildfires. A prescribed fire is any fire son. Emission estimates for US wildfire-season forest fires
ignited by management actions to meet specific objectivesrely largely on EF measurements from prescribed fires. How-
Two common land management objectives pursued with preever, because prescribed fires are usually conducted outside
scribed fire are wildfire hazard reduction and ecosystenof the wildfire season they may not be a suitable proxy for
restoration (Agee and Skinner, 2005; Finney et al., 2005wildfires. The combustion characteristics of a fire, in partic-
Varner et al., 2005). While prescribed burning dominatesular the relative amounts of flaming and smoldering com-
fire activity in the southeastern US-(75 % of area burned bustion, have a significant influence on the chemical com-
between 2002-2010; NIFC, 2012), wildfires are dominantposition of the smoke. Smoldering combustion is less effi-
in the western US (defined here as: Arizona, California,cient than flaming combustion and per unit of fuel consumed
Colorado, Idaho, Montana, Nevada, New Mexico, Oregon,produces more CO, CHl non-methane organic compounds
Utah, Washington, Wyoming){85 % of area burned be- (NMOC), and particulate matter and less £®ertschi et
tween 2002-2010; NIFC, 2012). The majority of prescribedal., 2003; Burling et al., 2010; Lobert, 1991; Yokelson et al.,
burning in the western US occurs outside of the wildfire 1996, 2008). Smoldering combustion is prevalent in coarse
season, which typically runs June—September (June—Octobevoody debris (CWD, large diametef (7.62 cm) dead wood)
in California) (Urbanski et al., 2011). From 2008 to 2011, and duff, while fine fuels (grasses, shrubs, foliage, litter, and
77 % of the area treated with prescribed fire on federal landgine woody debris (FWD, small diamete& .62 cm) dead
burned between January—May or October—-December (Lahmyood)) tend to burn by mostly flaming combustion (Ottmar,
2012). The seasonal wildfire activity begins in the south-2001; Sandberg et al., 2002). Therefore, the characteristics of
west (Arizona, New Mexico, Nevada, and Colorado) in June.the fuels consumed in a wildland fire, which is determined by
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the fuels present and environmental conditions, should haveal fire behavior cycles. The fire activity and meteorological
an important influence on the composition of emissions.  conditions associated with the fires on each day of sampling
Conditions during the western US wildfire season are oftenis provided in Supplement: Table S1. All fires in this study
favorable (low fuels moisture and high intensity fire fronts) were sampled using a US Forest Service Cessna 206 aircraft
for the consumption of CWD and duff, and these fuels mayequipped with atmospheric chemistry instrumentation as de-
comprise a significant portion of total fuel consumed in ascribed in Sect. 2.2.
forest fire (Campbell et al., 2007; Reinhardt et al., 1991).
Conversely, prescribed burning is frequently characterized®.1 Site descriptions
by low intensity fire and is usually conducted outside the
wildfire season when the moisture of CWD and duff tend The locations and vegetation involved for the fires studied are
to be moderate to high (Finney et al., 2005; Hardy, 2002),provided in Table 1. All four fires occurred in montane mixed
conditions which minimize consumption of these fuels rel- conifer forests of Lodgepole pine, Douglas fir, Engelmann
ative to fine fuels. Therefore, it is possible that forest firesspruce, and Subalpine fir in the northern Rocky Mountains.
occurring during the wildfire season might burn with more The methods used to determine the vegetation involved and
smoldering combustion than typical prescribed fires and haveslevation are described in Supplement S1. The size, growth,
higher EF for species associated with smoldering combusand activity of the fire and fuel moisture conditions on each
tion (and lower EF for species related to flaming combus-day of sampling are provided in Table S1. Fuel moisture con-
tion). This reasoning suggests EF based on prescribed fireditions were similar across all sites on the days the fires were
may not be appropriate for modeling emissions from wild- sampled and were typical of wildfire-season conditions in the
fire season forest fires. northern Rocky Mountains. The afternoon 10 h fuel moisture
We present smoke emissions data from airborne field mea¢moisture of dead wood (diameter2.5 cm)) was~ 5 % and
surements of fires that occurred in mixed conifer forests ofthe 1000 h fuel moisture (the moisture typical of CWD) was
the northern Rocky Mountains during the 2011 wildfire sea-between 9% and 14 %. The estimated daily fire growth, de-
son. We report measurements of modified combustion efrived from incident fire perimeters and ICS-209 reports (Sup-
ficiency (MCE) and EF for C@ CO, and CH and com-  plement S1), ranged from 0 to 774 ha (Table S1).
pare these with previous field studies of temperate forest The daily fire activity was not limited to areas of perime-
fires. The MCE measured in our field study are used to estiter growth. Fires occurring in complex forested terrain of-
mate wildfire-season forest fire EF for Bl ethane (GHg), ten burn with mixed severity creating a mosaic that in-
propylene (GHg), formaldehyde (HCHO), and methanol cludes areas that were unburned or where fuel consumption
(CH3OH) using previously published EF-MCE relation- was limited (Schwind, 2008). The burning of previously un-
ships. This new wildfire-season EF dataset for Rocky Moun-burned areas and the smoldering of large diameter woody
tain forest fires is compared with a recent review article andfuels and duff can continue for days after the passage of
a national emissions inventory. We also examine MCE andhe fire front. On most days of sampling, we observed wide
fuel consumption data from previous studies of 18 prescribedspread smoldering and regions of active burning (flaming
fires to identify possible drivers of fire combustion character-combustion) scattered within the fire perimeter. An exam-
istics. ple of post-frontal combustion is provided by Fig. 1, which
shows fire perimeters, areas of active burning, and the re-
gion of smoke sampling from the Saddle Complex on 24 Au-
2 Methodology gust. The perimeters, as observed via airborne IR sensor on
the evenings (23 and 24 August), indicate that on 24 August
This study measured smoke emissions from three large wildthe fire growth occurred mostly on the west and east ends,
fires (Saddle Complex, Big Salmon Lake Fire, and Hammerwith some minor growth along the northern and southern
Creek Fire) and a large prescribed fire (North Fork prescribecedges. In addition to the active fire fronts on the perimeter,
fire) in the northern Rocky Mountains in August 2011. The we also observed many pockets of burning scattered within
Big Salmon Lake Fire and the Saddle Complex were samthe perimeter while sampling on the afternoon of 24 August.
pled on multiple days and we have treated these samplinghe MODIS burn scar data (RSAC, 2012b) and active fire
days as separate fires, identifying each as a “fire-day”, resultdetections (RSAC, 2012a) for August 24 captured some of
ing in a total of nine fire-day emission datasets. We believethis activity (Fig. 1).
this treatment is justified given the complex terrain, hetero-
geneous fuels, and the inter-day variability in meteorology2.1.1 Hammer Creek Fire
conditions and observed fire behavior (see Table 1 and Ta-
ble S1). One day is an appropriate temporal scale for atmoThe Hammer Creek Fire was ignited by lighting on
spheric chemical modeling applications, since most BB EI19 July 2011 in the Bob Marshall Wilderness in north-
provide estimates on a daily basis from which models therwestern Montana. It burned an estimated 2555 ha (elevation
create an hourly profile based on assumptions about diuref 1360-2250 ma.m.s.l. (above mean sea level)) before be-
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Table 1.Name, location, and vegetation involved of the fires sampled in this study.

Fire Location Latitude Longitude Vegetation
°N °W involved as
percent of burned area

North Fork Prescribed Clearwater Na-46.768 —114.978 Engelmann spruce/Subalpine fir 39

tional Forest, Lodgepole pine 27
ldaho, US Douglas fir 24
Grand fir 10
Big Salmon Lake Bob Marshall 47.609 —113.414 Lodgepole pine 38
Wilderness, Douglas fir 33
Montana, US Engelmann spruce/Subalpine fir 24
Whitebark pine 5
Hammer Creek Bob Marshall 47.530 —113.268 Lodgepole pine 51
Wilderness, Douglas fir 40
Montana, US Engelmann spruce/Subalpine fir 9
Saddle Complex Salmon-Challis 45.520 —114.419 Lodgepole pine a7
National Douglas fir 38
Forest, Idaho, Engelmann spruce/Subalpine fir 15
Us and
Bitterroot
National
Forest,
Montana, US

ing declared under control on 7 October 2011 (Carbonariof the area burned by the Big Salmon Lake fire area was im-
2011c). The fire burned in the South Fork Flathead drainagepacted by mortality due to beetles (USDA, 2012).
where Douglas fir/lLodgepole pine forests are maintained by The Big Salmon Lake Fire was sampled on 17, 22, and
mixed-severity fire regime (Arno et al., 2000). In addition to 28 August. On 17 August, we sampled the fire in the late af-
the dominant forest types listed in Table 1, the area burnedernoon when it spread rapidly with significant spotting and
by the Hammer Creek Fire included emergent larch and Ponsustained crown runs with wind-driven and terrain induced
derosa pine as important ecosystem components (Arno etpread (Owen, 2011). While the Big Salmon Lake Fire was
al., 2000; Larson, 2013). The incident management team rereported at 14:00LT on 16 August, it was not detected by
ported the fire was burning in “mature timber with moderate MODIS until the following afternoon. The size of the Big
to heavy dead standing and dead down” trees and also in thBalmon Lake Fire was estimated at 295 ha on the late af-
area of previous burns with “moderate to heavy componenternoon of 17 August and the fire perimeter measured on
of dead/down fuel” (Carbonari, 2011b). The previous burns,that night’s IR aerial survey placed the fire size at 900 ha.
which occurred in 2003, were the Little Salmon Creek Fire On 22 August, the fire behavior of the Big Salmon Lake
and the Bartlett Mountain Fire (MTBS, 2012). The Hammer Fire involved low to moderate rates of spread with creep-
Creek Fire was sampled only on 22 August, a day when théng, smoldering, and some single tree torching (Carr, 2011).
fire activity involved mostly creeping and smoldering and The fire grew~ 405ha on 28 August and the fire activity
growth of the fire was minimal (Table S1). included spreading ground fire and group torching of tree

crowns (Gallarado, 2011).
2.1.2 Big Salmon Lake Fire

2.1.3 Saddle Complex
The Big Salmon Lake Fire started from an unknown cause
on 16 August 2011 in the Bob Marshall Wilderness in north- The Saddle Complex was a fire complex in the north-
western Montana, about 10km northwest of the Hammerern Rocky Mountains along the Idaho—Montana border that
Creek Fire. The fire burned in steep terrain at an elevaformed when the Saddle Creek Fire and Stud Fire merged
tion of 1320-2400 ma.m.s.l. and its perimeter encompassedn 18 August 2011. The Saddle Creek Fire was ignited by
~2200ha when declared controlled on 7 October 2011lightning on 10 August in the Bitterroot National Forest in
(Carbonari, 2011a). With the exception of-er0 ha pocket, Montana. The Stud Fire was also caused by lightning and
the area of the Big Salmon Lake Fire had not been signif-began on 14 August in the Salmon-Challis National For-
icantly impacted by fire in over 25yr (MTBS, 2012). An est in Idaho. The fire complex was managed as two sep-
aerial forest health survey conducted in 2010 fountl0 % arate fire incidents (Salmon-Challis Branch and the Bitter-
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2.2 Cavity ring-down spectroscopy (CRDS) trace gas

LT analyzer
JUPTaa S Wans J\‘/‘\‘\ Continuous measurements of GO, and CH were ob-
Y/ \ tained using a flight ready CRDS trace gas analyzer (Picarro
N O e $ Inc., CA, USA, model G2401-m) In the CRDS technique,
“.'f,? ‘ \7 the gas sample flows through an optical cavity with partially
v ER N /] reflecting mirrors. Light of a specific wavelength from a con-
/ H tinuous wave laser is injected into the optical cavity through
(8 one of the partially reflecting mirrors. While the laser is on,
) - light builds up in the optical cavity. The laser is abruptly
- Jl N A,\,/“‘g turned off and the decay of light intensity is monitored with
MODIS Burn Scars a photodetector after the light exits the cavity through a sec-
D o823 vosi 2 3 a N ond partially reflecting mirror. The measured light decay is
-,F\:P;s:ll?:.?im e ——— Kilometers 1‘,7 used to determine the optical absorbance of the gas sample

and provide a mixing ratio measurement of a particular gas
Fig. 1. Region of smoke sampling, fire perimeters, and area of activeSPecies. A specific gas is measured by scanning a continu-
burning for Saddle Complex on 24 August 2011. The MODIS active Ous wave laser over an individual spectral line of the tar-
fire detections and MODIS burn scars are from 24 August 2011. geted gas. The G2401-m analyzer used in this study scans

lasers over the individual spectral lines of £@O, CH;,

and HO at wavelengths between 1560 nm and 1650 nm.

The precise wavelengths used for monitoring are consid-

ered proprietary information and would not be released by
root Branch). The fire burned in complex terrain at an el- the instrument’s manufacturer. The analyzer tightly controls
evation of 1040-2650 ma.m.s.l. with a final perimeter areathe gas Samp|e pressure and temperature=@O002 atm
of 13770ha. A substantial portion of the trees in the im- and+0.005°C and to provide stable, well-resolved spectral
pacted forest were dead from insect kilt 40 % Bitterroot  features and ensure high precision measurements. The data
Branch and 20-45 % Salmon-Challis Branch; (Central Idahogcquisition rate was 2 s.
Dispatch, 2011; McKee, 2011)). The forest burned by the Frequent in-flight three-point calibrations were used to
Saddle Complex had not been impacted by wildfire in OVe€lmaintain accuracy of the CRDS measurements and guan-
25yr (MTBS, 2012). tify the measurement precision. The in-flight standards were

On the four days the Saddle Complex was sampled, itsyas mixtures of C@ CO, and CH in Ultrapure air and in-
perimeter grew 200-800 ha dayand fire activity included  cluded or were cross calibrated against two NIST-traceable
group torching of tree crowns, as well as running crown gas mixtures (concentration in ppimreported analytical un-
fire (Table S1). MODIS active fire detections and daily burn certainty: CQ = 351+ 4 and 510t 5; CO=0.092+ 0.0092
scars (RSAC, 2012a, b) were consistent with our airborneand 3.03:0.06; CH, = 1.493+0.015 and 3.0% 0.03)
observation that significant fire activity and smoke emis- (Scott-Marrin, Inc., Riverside, CA, USA). In the laboratory,
sions occurred within the perimeter, especially on 24 anda five-point calibration using an additional high span CO
25 August (Fig. 1). standard and Ultrapure air were used to ensure linearity of
the CO calibration between the instrument limit of detection
(~030ppm CO, defined as the 14 s standard deviation while
measuring a calibration standard) and 10 ppm.
In recent years, the CRDS technique has been successfully

. ) .. used for high accuracy/high precision measurements of CO
The North Fork prescribed fire was actually two burns |gn|tedCH4' and CO from airborne platforms (Beck et al., 2012:

on 12 AUQUSt 2011 m_the North Fork District of th? Clear- Chenetal., 2010a). To our knowledge, our study is the first to
water National Forest in northern Idaho. The prescribed burn . : o .

. . . ploy this technique for the in situ measurement of biomass
targeted diseased and insect-infested areas (Chaney, 201 irmina emission factors
Fire history data for the Clearwater National Forest indicate 9 '
the burn unit had not been impacted by significant wildfire
activity since 1910 (USDA, 2013). The fires were ignited us-
ing a combination of aerial and hand ignition and allowed
to burn with the goal of 400 ha eventually burning. The fire 1 Tradenames are presented for informational purposes only and
was sampled on 13 August and MODIS active fire detectionsdo not constitute endorsement by the US Department of Agricul-
indicate the fire persisted until 25 August (RSAC, 2012a). ture.

2.1.4 North Fork prescribed fire
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7246 S. P. Urbanski: Combustion efficiency and emission factors for wildfire-season fires

2.3 Airborne sampling along a large portion of their perimeters. We frequently ob-
served group torching of tree crowns and short runs of crown
Emissions were measured by sampling the smoke above thiire along portions of the fire front. Active fire was also typ-
flame front and up to 40 km downwind at elevations betweenically scattered throughout the perimeter as areas that were
300 m above ground level (agl) and plume top. A sampleunburned or lightly burned during progression of the initial
run was a level altitude flight segment that began outside ofire front burned/re-burned. Pockets of vigorous fire activity
the smoke plume in clean background air, entered the smokwithin the perimeter appeared to entrain and loft smoke from
plume, continued through the smoke plume, and eventuallthe surrounding smoldering fuels.
exited the smoke plume into the background air. The portion
of each sample run prior to plume entry provided a back-2-4 Emission factor calculations
ground measurement of at least 20 data points (2400m at .
a typical flight speed of 60T and 2s data acquisition Muluple smoke samples were collected on each day of
rate) and the average CO, GGand CH, mixing ratios of f|r.(a.sampI]ng. For each smoke sample the excess volume
these data points were used as the background for calculaF"XIng ratio (EMR) Of. compoundy (A.X) was calculated
ing excess mixing ratios (see Sect. 2.4) for that sample run'©r each 2s data point by subtracting the average back-
The pre-plume background CO was used as a baseline fground (Kbackground for that sample run AX = Xsmoke-
identify samples inside the smoke plume (the plume pene—XbaCkgrOU”a' Sample emission factors for each compound

tration), which were used as the smoke sample data pointé('I E'IZX ((;nf unit % of2X per k_g ofhdry fut()al burned),bvxllere
(see Sect. 2.4). Two flight profiles, parallel and perpendicu-Ca culated from the 28X using the carbon mass balance
method (Yokelson et al., 1999) following two approaches.

lar, were used for smoke sampling. The parallel profile be- :
gan a few kilometers upwind of the fire in smoke free air Approach 1 (Eq. 1) used the integratad for each plume

on a trajectory that was roughly parallel to the direction of SamP'e while, t_he second approgch u_sed emission ratios de-
the plume transport. In the parallel profile, the aircraft pene_termlned from linear regressmn.flts, with the mtercgpt forced
trated the smoke plume immediately above or near the fird® 0 O.fAX VS Afg qr(:ACOZ qu||_r|1? ﬂ::e 2s data polmtls. Tge
front. After passing over a segment of the fire front, the emission ratio of Clj: CO; (ACH//ACOy) was calculate

sample run would continue to sample smoke in the plumeas the product 0ACH,/ACO x ACO/ACQ;. The average

for several kilometers downwind. EF calculated using the two methods agreed within 10 %. In

The parallel profile may be illustrated by considering Eg. (1), AC; are the excess mass mixing ratios of carbon in

. . —1
smoke sampling from the Saddle Complex on 24 August.feach specieX, MMy is the molar mass of (g mole™), 12

On this day, smoke samples were obtained along the nortn> the molar mass of carbon (gmole, and 7 is the mass

ern edge of the fire perimeter (Fig. 1). Winds were from the{/r\‘/”ICtion of c;[bo_noir;éhg drydbiomasz,_ aSSL:]r_n?]dftO bde %50'
WSW and the initial portion of our sampling runs captured € assumedre = L. ased on studies which found that

emissions emanating from the within the western area of thé:C range_d bgtween 0.45 gnd 0.55 for the vegetatlop types
perimeter just downwind as they reached neutral buoyanc;/.nVOIVecj in this study (B_urhpg etal, 2010).‘ The majorlt_y
The runs proceeded to the ENE sampling smoke above th f carbon mass>{ 95 %) in biomass smoke is contained in
fire front on the northern perimeter and then continued down- Oz, CO and C_H’ .therefore our neglect of other carbon-
wind with the plume that entrained smoke from across thecor_ltamlng species in the carbon mass balance method over
fire complex. The perpendicular flight profile involved tran- estimates the EF by 5% (Yokelson et al., 2007b).
secting the smoke pl_ume on a Ievgl alt_itude trajectory thatzpx — £, » 1000 (ngA) MMy AX (1)
was roughly perpendicular to the direction of smoke trans- 12 ACco, +ACco+ ACcH,
port at distances of 2—40 km downwind of the fire front. Sam- The chemical composition of emissions from biomass fires
pling in the perpendicular mode typically crossed the en-are related to the combustion characteristics of the fire, in
tire width of the plume and provided measurements of back-particular the relative amounts of flaming and smoldering
ground air on one or both ends of the sample run. The exteneombustion. Some species are emitted almost exclusively by
sive downwind perpendicular transects of smoke obtained irflaming or smoldering, while the emissions of others are sig-
this study may be used for the validation of smoke dispersiomificant from both processes. Flaming combustion produces
models. However, the focus of this paper is limited to EF.  the gases C& NO, NO, HCI, S&,, HONO and NO (Burl-
Sample runs often encountered multiple smoke plumes agg et al., 2010; Lobert, 1991) and black carbon particles
interior regions of the perimeter with active fire were tran- (Chen etal., 2007; McMeeking et al., 2009). The species CO,
sected. It is common for wildfires in complex forested ter- CHg, NH3, many NMOC, and primary organic aerosol (OA)
rain to spread unevenly across the landscape due to changre associated with smoldering combustion (Burling et al.,
ing weather conditions and variability in fuels and terrain, 2010; McMeeking et al., 2009). The speciesHz, CyHag,
resulting in a burn with mixed severity (Arno, 1980; Hudec CH3COOH, and HCHO have been linked with both flam-
and Peterson, 2012; Schwind, 2008). The wildfires sampledng and smoldering combustion (Burling et al., 2010; Lobert,
in this study had active fire occurring, often discontinuously 1991; Yokelson et al., 1996).
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440 between MCE and EF for most species that were measured.
o ACO 1
400 -| MCE = ACO, + 2CO = 1 ACO (2)
¥ *aco,

P z:: 3 Results and discussion

T T e . 3.1 Emission measurements
z: CRDS measurements for a typical smoke sample run, in
4 this case the Saddle Complex on 24 August (Table 2, sam-
z‘ »»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»» “tensese ple SC2402), are shown in Fig. 2. The horizontal dashed

55140 55160 55180 55300 26320 soai0 55360 line in each plot marks the background mixing ratios mea-

Time (seconds since midnight)

sured upwind of the fire. The background mixing ratios
Fig. 2. CRDS measurements of GOCH,, and CO for a smoke  for this sample (C@= 38256 ppm, CH = 1.856 ppm, and
sample run on the Saddle Complex on 24 August 2011. The horiCO= 0.110 ppm) were typical of the background for all fire-
zontal dashed line in each panel shows the background mixing ratioslays. The smoke sampling was conducted from an unpres-
measured upwind of the fire on approach for the smoke sample. Thgurized aircraft in conditions that were often very turbulent.
vertical dotted lines mark the start and end of the plume. Under these challenging circumstances, the study average
in-flight measurement precision, defined as the 14s stan-
dard deviation while measuring a calibration standard, was
0.024 ppm for CO, 0.281 ppm for GQand 0.005 ppm for

Modified combustion efficiency (MCE; Eqg. 2) is used to . Th s f EM ! q
characterize the relative amount of flaming and smoldering"4; The uncertainties for our EMRAX, were estimate

combustion (Akagi et al., 2011; Ward and Radke, 1993).33\/0§kgd+<7§rec: whereopgd is the standard deviation of
Laboratory studies have shown that MCE~9.99 for pure  Xpkgd andoprecis the 14 s standard deviation fduring the
flaming combustion (e.qg., fine fuels completely engulfed in CRDS calibration applied to that sample. The study average
flame, Chen et al., 2007; Yokelson et al., 1996), while the(n = 63) uncertainty in sample averageX (Table 2) was
MCE for smoldering combustion varies over0.65-0.85, 45 % for CO,%7 % for CQy, and+9 % for CH;.

with 0.80 being a typical value (Akagi et al., 2011). Since EF, MCE, and averaga X for all 63 smoke samples are
many species are predominantly emitted during either flam-given in Table 2. The fire-day average EF (Eg. 1) agreed
ing or smoldering combustion, the EF of many compoundswithin 10 % with the EF that was calculated from zero-forced
correlates with MCE. Laboratory studies of the combustionlinear regression of the emission ratios of the 2 s data points.
of fine fuels (Burling et al., 2010; Christian et al., 2003; The number of data points for each smoke sample depended
McMeeking et al., 2009; Yokelson et al., 1997) and recenton the flight profile, aircraft speed, and dispersion conditions.
field measurements of emissions from prescribed fires (Burl-At a typical aircraft ground speed of 60 m'seach 2's data

ing etal., 2011; Akagi et al., 2013) have found a strong corre-point represents a 120 m segment. Some plume samples were
lation between EF and MCE for many species. Given the util-taken at significant distances downwind of the source. In par-
ity of MCE for characterizing combustion characteristics andticular, on 17 August, samples were taken 40 km downwind
its potential for estimation of EF for a range of compounds, of the Big Salmon Lake Fire. The afternoon atmospheric
we have calculated MCE for all smoke samples. It should besounding at Great Falls, Montana (Table S1), on this day
noted that two laboratory studies of pure smoldering com-indicated the transport winds were13ms1, implying a
bustion of duff, organic soils, and CWD found poor correla- smoke age of-50min for these samples. However, since
tion between MCE and EF (Bertschi et al., 2003; Yokelson etCO,, CO, and CH are fairly non-reactive in the atmosphere
al., 2007a). However, laboratory studies may not be a goodCO, the most chemically reactive of the three gases, has a
proxy for these fuels since the combustion of CWD and dufflifetime > 30 days with respect to chemical reaction (Sein-
in the natural environment is dependent on fuel bed characfeld and Pandis, 2006)), the age will not impact the measured
teristics, such as the loading and arrangement of CWD andEF for these gases.

the presence of fine dead wood and litter (Albini et al., 1995; Figure 3a—c show the average, range, arid of MCE,
Ottmar et al., 1989). It is possible though that wildland fires EFCO, and EFCHfor each fire-day. The Big Salmon Lake
involving a large component of CWD and duff may not show Fire and the Saddle Complex were sampled on multiple days
a strong MCE—EF relationship. Burling et al. (2011) and Ak- and as mentioned previously, we have treated these sam-
agi et al. (2013) used ground based sampling to measure Epling days as separate fires, identifying each as a “fire-day”
for isolated pockets of residual smoldering combustion from(Sect. 2.1). The extreme fire-days of the study were the North
prescribed burns in the southeast and found poor correlatiofrork Fire and Hammer Creek Fire. The North Fork Fire had
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Table 2. Smoke sample EMR, MCE, and EF and fire—day averadestandard deviation) MCE, EF, and EMR. EMR are sample average or
fire-day average of the individual 2 s data points. EMR are in units of ppmv. EF are in units of g kg

Sample Time  Location nl ACO, ACO ACH4 MCE EFCO EFCO EFCH
North Fork prescribed fire — 13 August 2011
NF1301 17:03 at source 13 8.19 1.12 0.11 0.879 1594 139.1 7.48
NF1302 17:04 atsource 14 18.15 2.75 0.28 0.868 1571 151.7 8.66
NF1303 17:07 atsource 27 8.06 1.17 0.11 0.873 1582 146.5 7.74
NF1304 17:18 4-8km 85 5.09 0.90 0.08 0.850 1537 172.2 9.18
NF1305 17:47 atsource 36 8.46 1.27 0.11 0.869 1575 150.8 7.71
NF1306 18:06 at source 25 16.07  2.50 0.20 0.865 1569 155.5 7.26
NF1307 18:14 at source 49 6.26  0.95 0.08 0.868 1574 152.4 7.32
NF1308 18:18 at source 11 14.00 2.27 0.19 0.861 1559 160.7 7.81
Average 0.86A40.009 157Gt17 153.6£9.8 7.89£0.68
Big Salmon Lake Fire — 17 August 2011
BSL1701 15:55 17-20km 61 9.96 1.07 0.09 0.903 1641 112.6 5.51
BSL1702 16:04 30km 62 7.92 0.88 0.08 0.900 1637 115.3 5.65
BSL1703 16:51 40km 79 552 0.78 0.07 0.876 1588 143.2 7.34
BSL1704 17:03 23-29km 78 1429 1.58 0.14 0.901 1637 114.9 5.87
BSL1705 17:18 atsource 47 1360 1.54 0.15 0.898 1631 117.4 6.55
BSL1706 17:24 atsource 38 8.03 0.99 0.09 0.890 1615 126.9 6.74
BSL1707 17:30 atsource 55 13.84 171 0.16 0.890 1615 126.8 6.80
BSL1708 17:42 16-35km 132 7.35 0.89 0.08 0.892 1619 124.9 6.62
BSL1709 17:49 40km 81 6.42 0.80 0.07 0.889 1613 128.4 6.77
Average 0.89%0.008 1622+17 123.4+9.6 6.43£0.61
Big Salmon Lake Fire — 22 August 2011
BSL2201 15:25 sourceto10km 80 6.25 0.82 0.07 0.884 1605 133.5 6.65
BSL2202 15:52 atsource 32 556 0.72 0.06 0.886 1608 131.8 6.80
BSL2203 16:01 atsource 30 896 1.18 0.12 0.884 1601 134.0 7.83
BSL2204 16:03 atsource 16 9.74  1.45 0.15 0.871 1576 149.0 8.53
BSL2205 16:05 atsource 31 3.02 0.56 0.05 0.845 1527 178.7 9.46
Average 0.874-0.017 1583t34 145.4+19.9 7.85+1.18
Hammer Creek Fire — 22 August 2011
HC2201 16:10 atsource 53 13.30 144 0.12 0.903 1642 112.8 5.27
HC2202 16:14 sourceto10km 38 11.68 1.27 0.10 0.902 1641 113.6 5.15
HC2203  16:21 atsource 20 1391 215 0.21 0.866 1567 154.2 8.57
HC2204 16:36 atsource 27 11.00 1.29 0.12 0.895 1624 121.7 6.53
HC2205 16:39 atsource 15 2137 235 0.23 0.901 1636 114.5 6.31
HC2206  16:41 atsource 14 1047 1.18 0.11 0.899 1632 117.2 6.28
HC2207 16:50 atsource 40 16.05 1.99 0.21 0.890 1612 127.4 7.57
HC2208  16:53 4-8km 79 8.76 1.04 0.10 0.894 1621 122.9 7.05
HC2209 17:08 atsource 41 953 1.01 0.10 0.904 1642 110.9 6.32
HC2210 17:09 atsource 14 4739 435 0.35 0.916 1668 97.4 4.50
Average 0.89A40.013 162826 119.3t14.7 6.36:1.20
Saddle Complex Fire — 24 August 2011
SC2401 15:32  at source 52 9.22 1.47 0.13 0.863 1562 158.4 8.17
SC2402 15:37 atsource 55 20.00 2.86 0.28 0.875 1585 144.0 8.09
SC2403 15:42  atsource 41 5.02 0.78 0.07 0.866 1568 154.6 8.13
SC2404 15:46 at source 65 3.07 045 0.04 0.873 1582 147.1 7.46
SC2405 15:51 at source 49 495 057 0.05 0.897 1629 119.2 6.20
SC2406 16:05 8km 125 474 0.66 0.06 0.878 1592 140.7 7.36
SC2407 17:02 5km 126 157 0.22 0.02 0.876 1590 142.5 7.20
SC2408 17:19 atsource 62 409 0.56 0.05 0.879 1596 139.5 6.41
SC2409 17:23 at source 62 3.88 0.62 0.06 0.863 1562 158.3 8.14
SC2410 17:29 atsource 69 6.71  1.06 0.10 0.864 1563 157.0 8.52
Average 0.8730.011 1583t21 146.1+12.0 7.540.79
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Table 2. Continued.

Sample Time  Location nl ACO, ACO ACHy MCE EFCO EFCO EFCH
Saddle Complex — 25 August 2011
SC2501 14:55 atsource 83 158 0.21 0.02 0.885 1603 132.9 7.74
SC2502 14:60 at source 23 11.30 1.40 0.15 0.889 1612 127.5 7.76
SC2503 15:06 at source 68 1.78 0.28 0.03 0.865 1566 155.1 8.65
SC2504 15:09 atsource 57 5.97 0.65 0.06 0.902 1639 113.7 5.68
Average 0.88%0.015 1605:30 132.3t17.2 7.46-1.26
Saddle Complex Fire — 26 August 2011
SC2601 15:06 6km 44 3.14 037 0.03 0.895 1625 121.4 6.39
SC2602 15:58 at source 33 465 0.66 0.08 0.876 1582 143.1 9.62
SC2603 16:04 atsource 85 3.56 0.53 0.05 0.871 1578 149.0 7.70
SC2604 16:15 sourceto8km 115 5.11  0.66 0.06 0.886 1607 131.3 7.15
Average 0.882-0.011 1598+22 136.2+12.3 7.714+-1.38
Saddle Complex Fire — 27 August 2011
SC2702 15:08 28-34km 156 458 041 0.04 0.918 1671 94.9 4.95
SC2703 15:39 atsource 95 3.86 0.55 0.05 0.876 1588 142.7 7.69
SC2704 15:50 atsource 174 3.03 0.43 0.04 0.876 1587 143.1 7.78
SC2705 16:01 atsource 109 3.74 0.56 0.06 0.869 1572 150.8 8.71
Average 0.889-0.021 1612+42 128.5+24.4 6.96+-1.58
Big Salmon Lake Fire — 28 August 2011
BSL2801 14:57 9-13km 43 1465 1.22 0.11 0.923 1681 89.3 4.40
BSL2802 15:14  at source 20 2165 2.63 0.23 0.892 1620 125.1 6.23
BSL2803 15:18 atsource 48 259 0.37 0.03 0.875 1586 144.8 7.07
BSL2804 15:22  atsource 22 10.63 1.60 0.17 0.869 1571 150.9 9.00
BSL2805 15:26 at source 27 10.50 1.50 0.17 0.875 1581 143.8 9.50
BSL2806 15:27 atsource 33 6.43 0.71 0.07 0.901 1637 114.4 6.03
BSL2807 15:32 atsource 14 1091 1.94 0.24 0.849 1528 173.0 12.09
BSL2808 15:54 12-16km 15 8.35 1.08 0.10 0.885 1605 1325 7.18
Average 0.884-0.022 160h1-46 134.2+25.3 7.69+-2.41
Study Average 0.88%0.010 1596+ 23 135+11 7.30+0.58

1 = number of 2 s data points.

the lowest MCE (0.867) and the highest EFCO (153.6) and The Hammer Creek Fire and Big Salmon Lake Fire,
EFCH, (7.89), while the Hammer Creek Fire had the high- which were located about 10 km apart, were both sampled
est MCE (0.897) and the lowest EFCO (119.3) and EFCH on 22 August. Interestingly, the Hammer Creek Fire had the
(6.36). The low MCE and high EFCO and EFgldf the highest MCE of the study, while the MCE for the Big Salmon
North Fork Fire may reflect the lack of canopy fire activity. Lake Fire measured on this day was the lowest measured for
The North Fork Fire was the only fire for which we did not that particular fire (and third lowest of all fire-days). Since
observe canopy fire activity. Because ICS-209 reports wereonifer crowns are expected to burn with a high MCE (see
not filed for the North Fork Fire (Table S1), we do not have below), this may result from the differential fire behavior
independent verification of our airborne observations. Theat the two sites, the Hammer Creek fire had group torching
North Fork Fire and the Hammer Creek Fire were sampledalong the perimeter while the Big Salmon Lake Fire only had
only one day each and we cannot speculate if the emissionsolated torching of single trees (Table S1).
we report were characteristic of these fire events over time. We did observe some large variations in the sample
We did observe a fair amount of inter-day emissions variabil-EF within fire-days. In particular, the range in sample
ity for the Big Salmon Lake Fire and the Saddle Complex. EFCO, EFC@aximurmEFCGhinimum, Was 83.7, 56.8, and
The EFCO and EFCldfor the Big Salmon Lake Fire on 17 55.9gkg? for the Big Salmon Lake Fire on 28 August,
and 22 August fell on opposite ends of the fire-day rangethe Hammer Creek Fire on 22 August, and the Saddle Com-
and the samples for these days were significantly differenplex on 27 August, respectively. These fire-days also had the
(Mann-Whitney testp < 0.01). largest inter-sample range in EFgldnd MCE. In general,

we believe the sample variability within fire-days is partially
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attributable to the sporadic nature of the crown fire activity on understory prescribed fires in mixed conifer forests of the
of the fires. Since the consumption of conifer needles andnterior mountain west and in conifer and conifer/hardwood
fine branch wood occurs with high MCE (Chen et al., 2007; forests of the southeast US.
Yokelson et al., 1996), emissions from group torching or a For comparison, we grouped the prescribed fires of the
crown fire run could have a significant influence on the EFfive previous studies into three regions: southeast (SE),
measured during a sample run. The canopy fire activity wesouthwest (SW), and northwest (NW). The U09 Arizona
observed was patchy and intermittent, observations corrobfires were assigned to SW and the Montana, Oregon, and
orated by the fire management team reports (Table S1) anBritish Columbia fires were assigned to NW. The southeast-
the USFS Rapid Assessment of Vegetation Condition afterern conifer and conifer/hardwood forest fires in U09 were
Wildfire (RAVG) analyses of these wildfires (RAVG, 2013). assigned to SE. We included 6 fires listed in the grass-
The fact that the three fire-days with the largest sample rangéands and shrublands section of Table Al in U09 (EB1,
also had the three lowest EFCO (and highest MCE) of theEB2, FL5, SC9, FS1, ICI3) in SE since these fires were, in
study supports the notion that their large range in EFCO refact conifer/hardwood understory burns. They were listed as
sulted in part from the relatively high contribution of canopy grassland/shrub in U09 since the fuel consumed was over-
fire emissions during some periods while the fires were beingvhelmingly grass and shrubs in the understory. In this sense,
sampled. these fires were very similar to the southeast burns studied
Our study average values (average of the nine fire-in B11. We assigned the six North Carolina fires of B11 to
day values) for MCE, EFC® EFCO, and EFCH SE and the two Sierra Nevada fires to NW. The H96 and R91
are 0.883:0.010, 1596+23gkg?!, 135+11gkg?, prescribed fires were included in the NW set and the Al13
7.30+0.58gkg !, respectively (uncertainties are one fires were assigned to the SE.
standard deviation). The fire-day average values of EFCO First, we compare our results with the prescribed fire data.
and EFCH are confined to a fairly narrow span of 26 % and Fire average MCE, EFCO, and EFgHom this study, A13,
21% of the study average, respectively, and the standar@11, U09, H96, and R91 are shown in Fig. 4a—c. In the fol-
deviations are only~ 10 % of the study average (Table 2). lowing discussion, the wildfire measurements of H96 and
This limited inter-fire-day variability supports the idea that R91 are not included in the prescribed fire averages. On aver-
the dataset average values are more broadly representative afe, the fires sampled in our study burned with a lower MCE
wildfire-season forest fires in the western US. We note thattompared to the prescribed fires. The data show a clear trend
despite the limited span of MCE and EFgbbserved in our  in average MCE across categories: SE (0.939W (0.924)
study, our measurements are sufficiently precise to reveal & NW (0.900) > WF (0.883) (“WF” includes only the fires
MCE-EFCH, relationship. CH is produced by smoldering measured in this study). There is no overlap of the WF MCE
combustion processes, and as expected, EF@Bs a  with those of the SE fires. The MCE of B11's Shaver fire
strong inverse correlation with MCE (Fig. 3d;= —0.87, (0.885) and the average MCE of H96 (0.877) are both close

p=0.002). to the WF average MCE. These four prescribed fires involved
heavy loads of down dead wood due to logging in the case of
3.2 Comparison with other studies H96 and pine beetle activity in the Shaver fire (see Sect. 3.3).

There is also a pronounced trend across categories for EFCO
We compared our results with previous field studies of emis-(WF (135) > NW (111) > SW (88) > SE (75)) and EFCHl
sions from fires in temperate conifer dominated forests in(WF (7.30) > NW (6.29) > SW (3.32) > SE (2.15)). This
the US and southern British Columbia, Canada: the airbornevork does not report EFPp; however, we note that the
measurements of Akagi et al., 2013 (hereafter A13), Burl-EFPM, 5 of B11 and U09 exhibit a similar trend (NW (18.0)
ing et al., 2011 (hereafter B11), Hobbs et al., 1996 (here-> SW (14.5)> SE (12.6)).
after H96) and Radke et al., 1991 (here after R91), and the There is limited temperate forest wildfire data with which
tower based study of Urbanski et al., 2009 (hereafter UO9)we can compare our measurements. Figure 4a shows the
A13 studied understory prescribed fires in conifer dominatedR91 wildfires had MCE (0.921, 0.907) above the range mea-
forests of South Carolina. Their study included ground basedsured in our study, while the Corral-Blackwell Complex
measurements of residual smoldering combustion, but her&CE (0.810) was significantly lower. The Corral-Blackwell
we consider only the airborne measurements. B11 studie€omplex burned in forest and terrain very similar to that
understory prescribed fires in conifer dominated forests ofof the fires studied in this work. The fire, which occurred
North Carolina and the Sierra Nevada of California. H96 120 km west of the Saddle Complex, burned in mixed stands
studied three prescribed burns of clear cut logging slash omf Lodgepole pine, Engelmann spruce, and Subalpine fir at
the Washington and Oregon coasts and the Corral-Blackwelén elevation of 600-2735m (Farris et al., 2008). H96 pro-
Complex wildfire, which occurred in northern Idaho. From vide little information on the Corral-Blackwell Complex, but
R91, we consider their results for two wildfires in western do note that it was sampled “during smoldering combustion”.
Oregon and a prescribed burn of “Hemlock, deciduous, Dou-The MCE of smoldering combustion has been found to range
glas fir logging debris” in British Columbia. UQ9 reported from ~ 0.65-0.85, but typically being near 0.80 (Akagi et al.,

Atmos. Chem. Phys., 13, 72417262 2013 www.atmos-chem-phys.net/13/7241/2013/



S. P. Urbanski: Combustion efficiency and emission factors for wildfire-season fires 7251

180
]

(b)

o (a)
0
d o
© -
Qo
0)._ ‘_,—\
o |
" 23
o 2 ®
=8 * 9 r
° 8 ¢
[(a)
0
P g
<t
@94 N B B HS S S S B N B B HS S S S B
o 1 I 1 1 I I I I I 1 I 1 I I I 1 I 1
13 17 22 22 24 25 26 27 28 13 17 22 22 24 25 26 27 28
Date Date
o @ o
24
o | .
—~ 0
T T~
o f=1]
X 4
2 o m o
< L] <
T L o
5 =
w w
©
1 1)
i
] N B BHS S S S B
1 I 1 1 I I I I I N 1 v I N I N 1
13 17 22 22 24 25 26 27 28 0.87 0.88 0.89 0.90
Date MCE

Fig. 3. (2) MCE, (b) EFCO, andc) EFCH;, by fire-day. The date is August 2011, N =North Fork prescribed fire, B=Big Salmon Lake Fire,
H=Hammer Creek Fire, S =Saddle Complex. Solid circles are the fire-day average, boxeisrarertical bars mark the minimum and
maximum.(d) Fire-day average EFCHvs. MCE. Solid line is linear least square fit= —52.8x +53.9,r2 = 0.76.

2011). Using a ground based FTIR, B11 measured post-flam&om both active flaming and post-flame front smoldering
front emissions from nearly pure smoldering combustion ofcombustion (see Fig. 1 and related discussion).
dead tree stumps for a prescribed burn at Camp Lejeune, NC The Silver and Myrtle/Fall Creek wildfires sampled by
(the ground-based measurements of pure smoldering are n&91 occurred in southwestern Oregon, which has a Mediter-
included in the B11 results discussed thus far and reproducethnean climate. They burned in different vegetation and el-
in Fig. 4). Since CWD can smolder for an extended periodevation than the wildfires sampled in our work. The Sil-
of time and can comprise a large share of fuel consumedrer Fire burned in Douglas fir/Tanoak/Pacific Madrone for-
in western forest fires (Brown et al., 1991; Reinhardt et al.,est between elevations of 75m and 1500 m with an average
1991), the smoldering stump measurements of B11 serve asf 800 m. R91 described the vegetation burned in the Myr-
areasonable analog for assessing the Corral-Blackwell Comtle/Fall Creek wildfires as “standing pine, brush, and Dou-
plex data reported by H96. The four dead stumps measuredlas fir’ and they burned at elevation of 300m and 900 m
by B11 yielded averages of MCEO0.795 and EFChH= (average=615m). The different vegetation involved in the
17.4gkg?, similar to the Corral-Blackwell Complex val- R91 fires may explain the relatively high MCE they mea-
ues reported by H96 (MCE 0.81, EFCH =18.0gkg?). sured compared to the wildfires sampled in this work. The
If H96 sampled almost exclusively smoldering combustion vegetation involved in the Silver Fire was determined from
this may explain the very low value of their MCE compared a combination of geospatial overlays of the fire perimeters
to that measured in this work for wildfires in similar terrain (MTBS, 2012) and an existing vegetation map (LANDFIRE,
and forest. During our sampling, we observed active flaming2012) and literature (Thompson and Spies, 2010). Fire ele-
combustion on all days for all fires, usually including torch- vation for both R91 wildfires was obtained from geospatial
ing of tree crowns, and the emissions we measured originatedverlays of the fire perimeters and a digital elevation map
(LANDFIRE, 2012).
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Hornbrook et al. (2011) report on seven biomass burningsions clearly originated from the wide spread wildfires oc-
plumes from California wildfires measured from the NASA curring in the mountains (northern Sierra Nevada, Klamath,
DC-8 aircraft during the ARCTAS experiments in June and southern Cascade, and Coastal mountains) on the northern
July of 2008. They do not report EF for GACO or CH,, but end of the Central Valley. The fire data was combined with
they do report MCE. The average MCE of the seven biomaswvegetation maps (Ruefenacht et al., 2008) to estimate the
burning plumes was 0.911. Analysis of fire data (MTBS, ecosystems involved (by area) as 83% forest (52% Cal-
2012; RSAC, 2012; Urbanski et al., 2011) and vegetationifornia Mixed Conifer, 22 % Western Oak, 9% other for-
maps (Ruefenacht et al., 2008) indicates the area burnedst types) and 17 % non-forest. The back trajectories indi-
in California during ARCTAS ( 15 Jun-15 July, 2008) was cate the Basin Complex Fire was the main contributor to the
30% non-forest and 70 % forest (40 % Western Oak, 23 %biomass burning sampled in plume 12 (MED.91, sam-
California Mixed Conifer, and 10 % Ponderosa pine). Using pled on 18 June). Fire data and vegetation maps indicate
the DC-8 back trajectories from the ARCTAS data archive the fuels involved for this plume were (by area) 40 % forest
(http://wwwe-air.larc.nasa.gov/cgi-bin/arcstgtand fire data  (Western Oak) and 60 % non-forest (mostly chaparral).
(MTBS, 2012; RSAC, 2012a, b; Urbanski et al., 2011), we Wigder et al. (2013) reported normalized enhancement ra-
attempted to identify the source fires or source regions oftios (NER) of PM (particulate mattex 1 um diameter) to
the seven California wildfire plumes measured in HornbrookCO (APM1/ACO) for 32 wildfire smoke plumes of differ-
et al. (2011). We could only confidently associate two of ent ages measured at Mount Bachelor Observatory in central
the seven California biomass burning plumes, plumes #12regon, US. They did not measure £€énd do not report
and #18 in Table 1 of Hornbrook et al. (2001) with coherent EF for any species. However, comparison of their NER with
sources. Plume 18 (MCE0.88, sampled on 26 June) emis- NER calculated from published EFPM and EFCO may be
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Table 3. MCE and EF for this work, A1l (temperate forest (TF) and boreal forest (BF)), and NEI and the ratio of EF from this work to EF
from A1l and NEI.

Species Thiswork A11-TF All-BF NEI Thiswork/ Thiswork/ This work/
All-TF All-BF NEI
MCE 0.883+0.010 0.921 0.882 0.847 ratio
Carbon Dioxide (C©)? 1596+ 23 1637 1489 1466 0.98 1.07 1.09
Carbon Monoxide (CG) 135.4+11 89 127 169 1.52 1.06 0.80
Methane (Clz[)l 7.304+0.58 3.92 5.96 8.06 1.87 1.23 0.91
Estimated EF
PM%5 23.2+10.4 12.7 15.3 13.8 1.83 1.52 1.68
Ethane (GHg)3 0.93+0.26 1.12 1.79 0.83 0.52
Propylene (GHg)3 0.94+0.20 0.95 1.13 0.99 0.83
Formaldehyde (HCHC§) 2.63+0.74 2.27 1.86 1.29 1.16 1.41 2.04
Methanol (CHOH)3 2.914+0.77 1.93 2.82 1.51 1.03

1EF value for this study is the fire-day average and standard deviation from T&H§EM25 value estimated based on previous studies (see ?@54{'—)
value estimated from previous studies using EF vs. MCE regressions (see text and Supplement S1). Uncertainty is 95 % confidence interval of linear
regression fits at MCE 0.833.

used to infer possible EFPMor the wildfires they sampled. very close to that measured in our study (0.883). Likewise,
They found their averagd PM;/ACO for 10 relatively fresh  their average EFCIH(8.2) is in good agreement with our av-
smoke plumes< 1 day old) of 0.17 pg m® ppbv-lwas sim-  erage EFCH (7.3) differing by only 11 %. This agreement
ilar to the 0.16+ 0.11 pug nT3 ppbv-! value they calculated suggests that the average EF of other species reported in
from the EFPM s and EFCO reported by Akagi et al. (2011) these studies may serve as reasonable estimates for wildfire-
for temperate forest fires. The agreement in PM to CO NERseason fires in northwestern US mixed conifer forests. All
suggests the EFPMor the 10 wildfire smoke plumes may three studies report EF for smoke particles. R91 and H96 re-
have been similar to the EFPM of 12.7+7.5gkg ! re- ported EFPMs; however, since coarse mode patrticles (2.5—
ported in Akagi et al. (2013). This EFPNinferred from the 10 um diameter) typically account for onty 10% of the
Wigder et al. (2013) measurements is about half the EfFM mass fraction of fresh smoke particles (Reid et al., 2005),
we have estimated for our wildfires. The significant differ- EFPMg s will not be significantly different from EFPEe.
ence in estimated EFPM suggests the wildfires sampled iThe nine fires from the studies have an average EfPM
Wigder et al. (2013) and our study had very different com-23.24+10.4 (uncertainty 1 standard deviation) and we adopt
bustion characteristics. These apparent differences in wildthis as our best estimate of EFRYfor wildfire-season fires
fire combustion characteristics may be related to the vegein mixed conifer forest of the northwestern US. Since EF for
tation involved. Widger et al. (2013) do not provide details many species are correlated with MCE, we may use the larger
on vegetation burned by the fires they sampled. However, th&ody of published field measurements to estimate EF$M
source locations of the 10 wildfire plumes considered hereat our wildfire-season MCE. The EFBM based on MCE
were in eastern Oregon and it is quite possible the fuels andelationships may be used to gauge the uncertainty of our
intensity of these fires may have been quite different frombest estimate EFPM. In addition to the nine NW fires of
the northern Rockies fires sampled in this study. The differ-R91, H96, and B11, we also considered B11's SE airborne
ence in estimated EFPM between our study and Widger emeasurements and the tower based measurements of U09
al. (2013) suggests the wildfires sampled in this work may(NW, SW, SE). We conducted linear regressions of EEEM
not be applicable to wildfires in forest outside the northernagainst MCE for four combinations of data: NW airborne
Rocky Mountains. only measurements (B11, H96, R91), NW measurements
(B11, H96, R91, U09), airborne measurements all regions
3.3 Estimated wildfire emission factors and comparison  (B11, H96, R91), and all measurements (B11, H96, R91,
with reference data U09). Plots of EFPM5 vs. MCE and statistics for the linear
fits are provided in Supplement S1. The results were consis-
This work measured only EF for GOCO, CH;. However,  tent with our initial rough estimate predicting an EFp
our study average MCE can be used to provide rough estiof 23 to 25gkg™ at our study average MCE of 0.883 (Ta-
mates of EF for additional species using EF and MCE datable S2). Due to a lack of data in R91 and H96, we relied
from previous studies. The NW prescribed and wildfire stud-on EF-MCE regressions to provide rough estimates of EF
ies of R91, H96, and B11 have an average MCE of 0.888for CH3OH, HCHO, GHsg, and GHg at our wildfire-season
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MCE using data from R91, B11 (NW and SE), U09 (NW, EFCH; measured in our work. The NEI MCE of 0.847 is
SW, and SE), and A13. While the source studies provide EFsignificantly lower than our wildfire-season MCE and the
for a wider range of compounds, we report estimates for onlyNEI EF for CH;, HCHO, and PM 5 are substantially lower
those moderately correlated with MCE4R 0.60). Figure  than the EF-MCE regression equations used in this work
4d shows EFCHi plotted vs. MCE for data from R91, H96, predict (Supplement S1).
B11, U09, Al13, and this study. The figure also shows a linear Our field measurements show that some wildfire-season
regression line based on the data from the previous studieforest fires in the western US burn with an MCE that is sig-
(regression statistics are provided in Table S2). Our individ-nificantly lower than most of the temperate forest prescribed
ual fire-day average EFCHall closely along the regression fires reported in the literature (U09, B11, R91) and used in
line and our study average EFGHiffers from the regression the development of EF recommendations for atmospheric
prediction by only 5% (7.30gkd} vs. 7.65gkg?). Plots  modeling (A11; Andreae and Merlet, 2001). The lower MCE
of EF vs. MCE for CHOH, HCHO, GHg, and GHg and of the wildfire-season forest fires we have studied indicates
statistics for the linear fits are provided in Supplement S1. these fires have larger EF for species associated with smol-
Rough estimates of EF for PM, CH3OH, HCHO, GHg, dering combustion processes (PdMand NMOC) than are
and GHg at our average wildfire-season MCE are given in areported for temperate forests in previous studies and reviews
Table 3 along with the EF measured in this work. For com-(U09; B11; A11; Andreae and Merlet, 2001). In the western
parison, we have included the temperate forest and boredlS, wildfires account for the majority of wildland fire burned
forest EF from the recent review of Akagi et al. (2011) (here- area and emissions (Urbanski et al., 2011). Because the aver-
after, A11l) and effective EF from the US EPA 2008 Na- age fuel mass consumed per unit area burned by forest3 is
tional Emission Inventory version 2 (USEPA, 2012a) (here-times that of non-forest fuels (Urbanski et al., 2011), annual
after, NEI). The NEI documentation reports that wildland wildfire emissions are dominated by forest fires even though
fire EF were estimated “using the Fire Emissions Predic-they account for only- 44 % of the area burned (see Sect. 1).
tion Simulator which relies on EFs from the literature ap- The fires sampled in our study burned in Lodgepole pine,
portioned by flaming and smoldering combustion”, but doesDouglas fir, and Engelmann spruce/Subalpine fir forests.
not provide the complete set of EF used (USEPA, 2012aWhile the fires were located in the Rocky Mountains of Idaho
documentation, Chapter 5, page 125). For comparison wittand Montana, the forest types involved are found throughout
EF from this study, we derived effective forest fire EF the Rocky Mountains, the Cascade Mountains, and portions
from the NEI Supporting Data and Summaries, Section 5of the Sierra Nevada Mountains and North Coast Ranges in
(“Fires”) supplemental data (USEPA, 2012a). The effective California. These forest types comprised 19 % of the total
EF were derived as follows: from the wildland fire location area and 43 % of the forested area that was burned by wild-
file (WF_locationsALL.xlIsx), we extracted all wildfires in  fires in the western US from 2001-2010 (based on a geospa-
forest ecosystems (fire type “WF” and “canopy” > 0) in tial overlay of 2001-2010 fire boundaries (MTBS, 2012) and
the western US and then from the extracted fires calculatea forest type map (Ruefenacht et al., 2008)). If the fires sam-
effective EF for specieX as the sum of emissions af for pled in our study are representative of wildfires in these for-
all fires divided by the sum of estimated fuel consumed forest types across the western US, the use of EF based on
all fires. The NEI effective MCE was based aiCO/ACO, temperate forest prescribed fires may significantly underes-
calculated from the effective EF and molecular masses of CQimate PM s and NMOC emissions. Likewise, the effective
and CQ (ACO/ACO, =MMco,/MMco x EFCO/EFCQ). EFPM, 5 used in the NEI for wildfires in western US forests
The EFCO and EFClimeasured in our study are signifi- was only 60 % of that estimated in this work, suggesting the
cantly larger than the A1l temperate forest (TF) values, buinventory may underestimate BMemissions from wildfires
in good agreement with their boreal forest (BF) values (Ta-in the forest types addressed by our study. In the western US,
ble 3). However, our estimated wildfire-season ERBNG wildfires are an important source of Bland other air pol-
substantially larger than both the TF and BF recommendaiutants (Urbanski et al., 2011; Wiedinmyer et al., 2011) and
tions of All. The 50 % difference between our EFRMs-  the forest types addressed in our study constitute a sizeable
timate and the A1l BF value is a bit surprising consideringshare of this wildfire activity. If the northern Rockies fires
the similar MCE of the datasets (0.883 vs. 0.882). The com-sampled in our work are representative of wildfires in similar
parison of our estimated EF with A11 for GBH, HCHO,  forest types across the western US, then the contribution of
CsHs, and GHe gives mixed results. Notable differences are wildfires in these ecosystems to NAAQS P¥and Regional
our estimated EFgHg (EFHCHO), which are roughly 50% Haze may be underestimated by air regulatory agencies due
lower (higher) than the A11 BF values. to the use of EF that are not representative of wildfire-season
NEI effective EF for wildfires in forests (hereafter referred emissions.
to as simply NEI EF) could only be estimated for five of = Emission factors are not the only source of uncertainty
the species in Table 3. The NEI EFBMand EFHCHO in emission inventories. Biomass burning emission models
are 40 % and 100 % lower, respectively, than our estimatestypically estimate emissions as the product of area burned,
However, the NEI EFCH is in close agreement with the fuelload, combustion completeness, and EF (Urbanski et al.,
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2011; Wiedinmyer et al., 2011; van der Werf et. al. 2010; ignition is achieved (Ottmar et al., 2006; Ottmar, 2001). Be-
Larkin et al., 2009). The contribution of these componentscause the moisture contents of different types of fuel particles
to uncertainty in emission estimates is not equal and variesespond to environmental conditions with different time-lags,
with spatial and temporal scale (Urbanski et al., 2011). Inthere can be a large difference in the moisture content of fuel
general, fuel loading is considered to be the greatest uncebed components. The moisture content of fine fuels, such as
tainty in emission estimates (Urbanski et al., 2011; Frenchcured grasses, litter, and small twigs @.64 cm diameter),

et al., 2011). The impact of biomass burning emissions omadjusts to environmental conditions with a time-lag on the
air quality depends not only on emissions but also on plumeorder of 1 h (these are often referred to as 1h fuels; Brad-
rise, transport, and chemistry, all of which introduce addi- shaw et al., 1984). In contrast, CWD and duff respond with
tional uncertainty (A13; Goodrick et al., 2013; Achtemeier a time-lag of around 1000 h (1000 h fuels; Bradshaw et al.,

etal., 2011; Alvarado et al., 2009). 1984; Brown et al., 1985; Harrington, 1982). Therefore, at a
given forest stand, under conditions typical of a springtime
3.4 MCE, EF, and fire characteristics prescribed burn, consumption of coarse fuels may be mini-

mal due to the high fuel moisture content of these compo-

The MCE we measured for wildfires are significantly lower nents. However, at the same site under wildfire conditions,
than the average MCE reported in the literature4d@0 pre-  when the moisture content of coarse fuels is low, these com-
scribed fires in temperate conifer forests. Only a handful ofponents may comprise the majority of fuel consumed. Thus,
these 60 prescribed fires had an MCE that overlapped théelespite the lower fuel moisture during the wildfire season,
wildfire MCE measured in our study. There are also distinctone might expect a fire with lower MCE compared with a
regional differences in the published prescribed fire MCE springtime prescribed fire in the same forest stand due to the
(Fig. 4a). Factors that affect the combustion process, in pargreater consumption of coarse fuels, which favor smoldering
ticular environmental conditions (e.g., wind speed, topogra-combustion processes. The prescribed fire studies of B11 and
phy) and fuel characteristics (e.g., moisture, chemistry, theA13 showed evidence of such an effect. The B11 North Car-
state of decay of dead wood, geometry and arrangement adlina prescribed fires burned in the spring under conditions of
fuel particles) (Ottmar, 2001; Sandberg et al., 2002) will alsohigh fuel moisture and the MCE were high, averaging 0.948.
influence MCE. Fine fuels, those with high surface to vol- While occurring in nominally similar forests, the prescribed
ume ratios, such as grasses, conifer needles, and fine woodyes studied in A13 burned during the fall prescribed fire sea-
debris (diametek 7.6 cm), have a tendency to burn by flam- son before the region had fully recovered from a prolonged
ing combustion with a high MCE (Chen et al., 2007; Ottmar, drought. The average MCE of the A13 fires was 0.931.
2001; Sandberg et al., 2002; Yokelson et al., 1996). Smol- We believe the relatively low MCE of the fires we sampled
dering combustion, which has a lower MCE, is more preva-and the general trend in MCE across regions is partially at-
lent in CWD, duff, and organic soils (Bertschi et al., 2003; tributable to the differential consumption of coarse fuels. The
B11; Ottmar, 2001; Sandberg et al., 2002; Yokelson et al.Big Salmon Lake, Hammer Creek, Saddle Complex wildfires
1997). Reviews of field studies show that fires in ecosys-and the North Fork Prescribed fire involved significant areas
tems dominated by fine fuels, such as grasslands and savanf dead standing and dead down trees (Sect. 2.1). The six SE
nas, burn with a higher MCE than forest fires (A11; Andreaeunderstory conifer fires reported in B11 occurred under con-
and Merlet, 2001; U09). In addition to fuel geometry and ditions of high duff moisture and the fuels burned were pre-
arrangement, recent laboratory studies suggest a linkage beominantly shrubs, litter, grass, and fine woody debris (B11;
tween fuel moisture and MCE, with MCE tending to increase Reardon, 2012). Pre- and post- fuel loading measurements
with decreasing fuel moisture for homogeneous fine fuelstaken at two of the B11 NC sites (the two Camp Lejeune
(Chen et al., 2010b; McMeeking et al., 2009). An analysis ofburns) indicate CWD and duff were 15 % of the fuel mass
emission measurements for multiple biomes found evidenceonsumed (Reardon, 2012). While the SE burns of B11 in-
that the spatio-temporal variability in MCE could be partially volved predominantly fine fuels, their Sierra Nevada burns
attributed to fraction of tree cover and monthly precipitation (Turtle burn and Shaver burn) involved moderate to heavy
(van Leeuwen and van der Werf, 2011), the later is presumioadings of dead wood. At the Turtle burn site, liter and 1 h
ably a surrogate for fuel moisture. dead wood comprised only 1/3 of the surface dead fuel

Considering the influence of fuel moisture and the ten-loading (Gonzalez, 2009). The site of the Shaver burn had
dency of certain fuel types to favor flaming or smoldering dead woody fuel loadings of up to 28 kgdue to moun-
combustion, one might expect higher fuel moisture and/ortain pine beetle activity and the lack of previous fire (B11).
the involvement of coarse fuels (CWD and duff) to result in Perhaps coincidently, the MCE measured for the Shaver burn
fires with lower MCE. However, the combustion complete- (0.885) was roughly equal to the average MCE (0.883) of the
ness of CWD and duff increases with decreasing fuel mois-wildfires studied in this work, which also burned in forests
ture (Albini and Reinhardt, 1997; Brown et al., 1991; Ottmar with areas of standing dead trees and with heavy loadings of
et al., 2006; Ottmar, 2001), while that of fine woody debris, downed dead wood.
grasses, and litter is relatively insensitive to moisture once
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0.96 ness of emission sampling. The fuel consumption measure-
ments quantify the fuel consumed over the entire life of the
burn. Since smoldering combustion may continue for many
hours after the active flame front has passed (Ottmar, 2001;
Sandberg et al., 2002), it is unlikely the emissions sampling
is properly weighted for smoldering emissions. Due to this
temporal mismatch between emissions and fuel sampling, it
is possible that the contribution of smoldering emissions may
be underrepresented in the MCE and EF measurements. Fur-
ther, given the variability in fuel loading and fire character-
istics (spread rate, ignition method), the degree of sampling
bias with respect to smoldering emissions may vary among
burns. For these reasons, we stress that the data and the
analysis are not intended to be applied for predicting MCE.
0.86 Nonetheless, the analysis identifies relative CWD and duff
consumption as a driver of fire average MCE and a likely
factor behind the differences in MCE measured for temper-
ofo 0?2 0?4 0?6 ofs ate forest fires.
Coarse Fuel Fraction van Leeuwen and van der Werf (2011) developed a

Fig. 5. Plot of MCE vs. coarse fuel fraction (the ratio of coarse fuel global, blome-lndepe_znd_ent MCE mpdel. Thls continuous
consumption to total fuel consumption) for 18 prescribed fires from MCE model, a multivariate regression of field m_easured
previous studies (B11; U09; H96; Ottmar and Ward, 1996; OttmarMCE versus coarse-scale (monthly, 0:50.5° ) environ-
and Vihnanek, 1995; Reardon, 2012; Harrington, 2012). Coarse fuemental parameters, was driven primarily by monthly precip-
is CWD and duff. See Sect. 3.4 and Appendix A for details. itation and fraction tree cover (FTC) and explained about
34 % of the variability in the field measured MCE. They were
unable to account for fuel composition due to lack of consis-
In contrast to the B11 SE burns, the Shaver and Turtletent data, but suggested it may be a crucial factor driving the
burns occurred when coarse fuels had fairly low moistureMCE variability not captured by their analysis. The authors
content (1000 b= 18 %; WFAS, 2012) and these fuels likely also explored biome stratified emissions data and highlighted
comprised a significant portion of the fuel mass consumeda strong negative correlation between MCE and FTC for fires
This comparison of the B11 prescribed fires and the wild-in Australian Savannas and deforestation fires in Brazil. If the
fires suggests the presence of coarse fuels (CWD and duffipading of CWD is proportional to FTC, then the coarse fuel
and conditions favorable for their burning results in fires with combustion—-MCE dependence we have identified may help
a greater fraction of smoldering combustion, a lower MCE, explain their observed FTC-MCE relationship. Since their
and higher emissions of species associated with smolderingnodel is biome independent and aggregates across grass-
Given the lack of fuel consumption data for the wildfires lands, savannas, and forests, it is possible that the correlation
and all but two of the B11 prescribed fires, our argument isthey have observed between FTC-MCE reflects fuel compo-
highly speculative. However, fuel consumption data is avail-sition, with FTC serving as a proxy for CWD loading.
able for 13 prescribed fires from U09 and for the three pre-
scribed fires of H96. To test our argument that the consump-
tion of coarse fuels favors lower MCE, we compared the ratio4 Conclusions
of coarse fuel consumption to total fuel consumption (CFF)
versus MCE for the 18 prescribed fires with fuel consump-Over eight days in August 2011, we sampled emissions from
tion data (see Appendix A for details). The results, plottedthree wildfires and a prescribed fire that occurred in mixed
in Fig. 5, show a strong negative correlation between CFFconifer forests of the northern Rocky Mountains. We mea-
and MCE ¢ =—0.83, p=1.7x107°), as CWD and duff sured MCE and EF for C§) CO, and CH using a CRDS
comprise a larger fraction of the total fuel consumed the firegas analyzer deployed on an airborne platform. We believe
average MCE decreases. this study may be the first to apply in-flight CRDS technol-
The analysis presented in Fig. 5 indicates the consumpegy to characterize the emissions from open biomass burning
tion of coarse fuels favors smoldering combustion, a findingin the natural environment. The combustion efficiency, quan-
consistent with previous ground based studies of prescribetified by MCE, of the fires sampled in this work was sub-
burns in logging slash and guidelines for smoke managemendtantially lower than the average MCE measured in previous
(Ottmar, 2001; Sandberg et al., 2002). However, we emphafield studies of prescribed fires in similar forest types (conifer
size that our conclusion is based on a small sample size andominated temperate forests) and that reported in recent re-
involves significant uncertainty regarding the representativeview articles of biomass burning emissions. In comparison
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to previous field studies of prescribed fires and review arti-gional air quality. The contribution of wildfires to NAAQS
cles, the fires studied in this work measured lower MCE andPM, 5 and Regional Haze may be underestimated by air reg-
EFCQG and higher EFCO and EFGHAN examination of  ulatory agencies. We note that a recent study (Wigder et al.,
results from our study and 58 temperate forest fires from pre2013) reported PMand CO enhancements in smoke plumes
viously published studies show a clear trend in MCE acrosdrom wildfires in eastern Oregon that were consistent with a
region/fire type: southeast prescribed fires (MER.935)> EFPM, 5 of only half that estimated in our study. This dif-
southwest prescribed fires (MGED.924) > northwest pre-  ference in estimated EFPM between our study and Widger
scribed fires (MCE=0.900) > this study (MCE=0.883). et al. (2013) shows that the fires sampled in this work may
The fires sampled in this work burned in areas reported tanot be applicable to all wildfires in the western US. Emission
have moderate to heavy loadings of standing dead trees andeasurements for wildfires in other regions of the western
down dead wood due to insect activity and previous burns. OUS are needed.
previously published field measurements of prescribed fires, Our study sampled four fires over eight days for a total of
the few with MCE similar to that measured in our study also nine fire-day observations. The fires burned in similar envi-
burned in forests with heavy loadings of large diameter deadonments: montane, mixed conifer forest of Lodgepole pine,
wood and/or duff. Douglas fir, and Engelmann spruce/Subalpine fir with sig-

Fuel consumption data was not available for any of thenificant insect induced tree mortality and moderate to heavy
fires sampled in this study; however, it was available for 18loadings of standing dead and down dead wood. Our mea-
prescribed fires reported in the literature. For these 18 firessured MCE and EF and the EF estimated from EF-MCE re-
we found a significant negative correlation between MCEIlationships may not be applicable to all wildfires in western
and the ratio of coarse fuel (CWD and duff) consumption to US forests. High loadings of down dead wood may have been
total fuel consumption. This observation suggests the comthe main factor driving the MCE and EF of these fires. Our
paratively low MCE measured for the fires in our study re- measurements did not include fires in Ponderosa pine dom-
sults from the availability of coarse fuels and conditions thatinated forests, which are characterized by lower loadings of
facilitate combustion of these fuels (e.g., low moisture con-dead wood, especially CWD (Graham et al., 1994). Other
tent). More generally, our measurements and the compariforests types or forests with a different disturbance history
son with previous studies indicate that fuel composition ismay not have similar loadings of coarse fuels and therefore
an important driver of EF variability. Considering the accu- the MCE and EF (measured and estimated) reported here
mulation of fuels in western US forests due to factors suchmay not be applicable. Future emission studies focusing on
as fire exclusion and insect induced mortality (see for exam-other regions (e.g., southern Rocky Mountains), forest types
ple Klutsch et al., 2009), the MCE and EF measured in this(e.g., Ponderosa pine dominated), and forests with different
study and those we have estimated based on EF-MCE reladisturbance histories are needed to better quantify £ahd
tionships may be representative of wildfires in mixed conifer NMOC emissions from wildfires in the western US.
forests across the western US.

The temperate forest EF reported in the literature are based
mostly on fires which burned with higher combustion effi- Appendix A
ciency (i.e., a lower relative fraction of smoldering combus-
tion) than the fires sampled in our study. Because the EF of
many smoldering combustion species can have a strong nequalitative reports indicate the fires sampled in our study
ative correlation with MCE, the EF found in the literature burned in areas with significant loadings of CWD. In con-
may significantly underestimate the true EF for smolderingtrast, previous studies of prescribed burns in the southeastern
species for fires with combustion characteristics similar toUS (B11, U09) measured relatively high MCE and anecdo-
the fires measured in this work. The EF-MCE relationshipstal observations suggested these fires consumed mostly fine
from the literature and our study average MCE were used tduels with the consumption of CWD and duff being mini-
derive rough estimates of wildfire-season EF for 5 species. limal. This pattern is not unexpected since fine fuels have a
the MCE of the northern Rockies fires sampled in this worktendency to burn by flaming combustion, while CWD and
are representative of wildfire-season fires in similar westernduff favor smoldering combustion processes (Sandberg et
US forest types, this analysis indicates that the use of literal., 2002). Using previous studies of 18 prescribed burns
ature average EF may result in a significant underestimatéor which detailed fuel consumption data was available, we
of wildfire PM>s and NMOC emissions. The most recent tested for a relationship between fire average MCE and the
national emission inventory reports western forest wildfire composition of fuel consumed. Specifically, we tested for a
emissions of PM5 is based on an effective EFBM that is significant correlation between the relative amount of flam-
only 60 % of that estimated in this study. Given the magni- ing and smoldering combustion, quantified by MCE, and the
tude of biomass consumed by western US wildfires, the useelative amount of coarse fuel and fine fuel consumption.
of an EFPM 5 that is low for wildfires could have impor- The later fire characteristic was quantified with the coarse
tant implications for the forecasting and management of refuel fraction (CFF), defined as the sum of CWD and duff
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Table Al. Fire name, location, date, fuel consumption, fuel moisture, and MCE for 18 prescribed fires from previous studies.

Fire name Location Date MCE Fuel consumption (g Fuel moisturé (%) Reference
mmlyyyy Finefueld cwbD!  Duff CWwWD Duff
Quinault western Washington  09/1994 0.850 2940 8050 11000 25 120 a
Creamery western Oregon 09/1994 0.905 2270 1320 2500 28 nm a
Raymond western Washington  10/1994 0.877 1980 1320 2500 28 nm a
Camp Lejeune IA North Carolina 02/2010 0.943 1541 0 0 nm nm b, c
Camp Lejeune ME  North Carolina 02/2010 0.945 1127 204 0 nm nm b, c
MT1 western Montana 05/1993 0.891 556 462 222 78 79 d, e
MT2 western Montana 05/1993 0.908 952 632 1076 45 17 d, e
MT3 western Montana 05/1994 0.913 649 439 918 50 30 d, e
MT4 western Montana 05/1994 0.910 536 632 545 50 30 d, e
OR1 eastern Oregon 05/1994 0.906 513 268 848 42 59 d, f
OR2 eastern Oregon 05/1994 0.900 1339 424 1406 75 75 d,f
OR3 eastern Oregon 05/1994 0.916 1004 223 1429 67 44 d, f
FL5 Florida 01/1996 0.933 923 0 383 nm 160 d,g
SC1 Georgia 02/1996 0.921 423 0 169 125 93 dg
SC12A Georgia 02/1996 0.942 374 0 300 125 93 dg
SC12B Georgia 02/1996 0.923 414 0 284 nm 98.5 dg
MN4 Minnesota 04/1995 0.953 444 0 11 74 40 d, h
MN5 Minnesota 05/1995 0.936 884 0 138 113 43 d, h

1Fine fuels include litter, grasses, shrubs, and dead wood with diamé&t&2 cm; CWD (coarse woody debris) is dead wood with diamefe62 cm.2nm= not measured.
References: (a) Hobbs et al. (1996); (b) Burling et al. (2011); (c) Reardon (2012); (d) Urbanski et al. (2009); (e) Harrington (2012); (f) Ottmar and Ward (1996); (g) Ottmar and
Vihnanek (1997); (h) Ottmar and Vihnanek (1995).
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