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ABSTRACT OF THESIS

DEVELOPMENT OF WILDLAND FIRE SMOKE MARKER EMISSIONS MAPS FOR

THE CONTERMINOUS UNITED STATES.

Biomass burning is a sigreént source of aerosols which impact the global
radiation budget, human health, and visibility. Molecular markegremical mass
balance models are frequently used to estimate the contribution of biomass burning
smoke to pollution in ambient samples caketat receptor sites. These models require
accurate source profiles sinokemarker emissions of wildland fires to reasonably
estimate the apportionment. This study attempts to improve smoke marker source profiles
by combining new laboratory measuremesftthe chemical composition @fildland fire
smoke with a fuelbed modtd create smoke marker emissions maps for the
conterminous United States.

The analysis of several smoke marker species including levaggnc mannosan,
galactosan and potassiyrovides an opportunity to study how different vegetation and
fuel types produce different wood smoke source profiles. In the Fire Lab at Missoula
Experiment (FLAME), over 30 different wildfire fuels were burned, and the smoke
produced was analyzed for physiagigmical and optical properties. Filter samples were
collected, and analyzed for sugars and sugar anhydrates using high performance anion
exchange chromatography with pulsed amperometric detection, and carbon
concentrations were analyzed on a SunsetE@@nalyzer. Major ion concentrations

were quantified using ion chromatography. Several patterns emerged from the analysis of



the smoke marker species, particularly that different vegetation types (e.g. leaves,

needles, branches and grasses) produced differarker to carbon ratios, often at the

95% confidence level. Vegetation type smoke marker source profiles were coupled with

the Fuel Characteristic Classification System fuelbed model that prescribémbfiliatys

for several layers of vegetation for 1fl@lbeds. Smoke marker source profiles were

created for each fuelbed, and were mapped across the conterminous United States at a

one kilometer resolution to understand the spatial variability of smoke marker yields.
These improved smoke marker sourcefif@® were used to estimate the

contributions of primary biomass burning to total carbon concentrations over eight weeks

in Rocky Mountain National Park. The new levoglucosan profiles improved estimations

of biomass burning carbon concentraticosnparedd estimations calculated from a

simple source profileand the addition of estimates using of galactosan and potassium

profiles provided constraints on the uncertainty of the estimates.

Leigh A. Patterson
Department of Atmospheric Science
Colorado State hiversity
Fort Collins, CO 80523
Summer 2009
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Chapter 1: Introduction

1.1 Motivation

1.1.1Importance of biomass burning aerosols

Biomass burning is a significant source of aerosols and greenhouse gases
throughout the world. Biomass containing two to five petagrams of carbon is burned
annuallyin several differengctivities(Crutzen and Andreae, 199@&hich produces up to
100 teragrams of atmospheric particles per y8amfeld andPandis, 2006)Types of
biomass burning activity include agricultural land clearing, wood burfieingeatingand
for cooking fuel in developing countries, wildfires, and prescribed burning for wildfire
ecosystenmanagement. Over half eatellite fire déections aren the African continent,

and 70 percent of bioma#ee detections arwithin the tropical bel{Dwyer et al., 2000)

3N biejedion ~ Rogmr s an gig April — June 1992 2—
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Figure 1.1 Global distributons of fires detected by the NOAA Advanced Very High Resolution Radiometer (AVHRR).
From Dwyer etal., 2000




Understanding global biomass burning emissions is important because aerosols
produced by biomass burning impact the global radiation budget adusrse health
effects, and impair visibility. Because the diameters of most smoke particles are smaller
thanonemicron(Reid etal., 2005) these particles scatter solar radiation efficiently.

Some of this scattered radiation is reflected back to space, which reduces the amount of
radiation that reaches the surface, resulting in surface cooling. Smoke also contains black
carbon BC), which absorbs radiation in the visible spectrum, which in turn heats the
atmosphere. Atmospheric heating can increase atmospheric stability, which can prolong
periods of drought in the tropi¢Brocopio et al., 2004Also, atmospheric heating can
decrease the lifetime of closideading to a surface warmifigorster et al., 2007)hese
competing efcts create a change in the global net surface radiation budget of +0.03
watts per square meter, with an uncertainty of 0.12 3forster et al., 2007)

Althoughonly 77-189 Tg of biomass burns annually in the United States
(Leenhouts, 1998which is far smaller than the 1300 Tg of biomass that burns annually
in the tropicqLevine, 1994)aerosols produced by biomass burning in the United State
areimportant to study because smoke near population centers can adversely affect human
health. Smoke particles are primarily submicron $xd), and thuscan be inhaled and
enter the cardipulmonary system. Ultrfine particles, particularly those withameters
smaller than 0.2m , have been shown to provoke alveolar inflammation which induces
lung problems, and increase blood coagulability which creates cardiovascular problems
(Seaton et al., 19950Ithough cardiovascular effects may not be immediaedyized
lung irritation due to smoke is an immediate health effect. During a fire episode in

Alameda County, California, 117 people visited hospitals in Berkeley and Oakland for



treatment from bronchospastic reactions to smoke and irritative reactions to smoke
(Shusterman et al., 1998ecause wildfires can occur near highly populated regions in
the United States such as California and the Southeast, understanding biomags bur
smoke and its health effects are important.

In rural areas of the United Statesderstandingvildfire smoke is important
because it reduces visibility in the National Parks. In 1977, the Clean Air Act set a
national visi bi | fiabhyyutugcaadlthe cemedying of any existing, on o
impairment of visibility in mandatory Class | Federal areas which impairment results
from manmade air pollutianin 1999, the Regional Haze Regulations were passed to
address ha to improve visibility in Gass | aregswhich include national parks larger
than 6,000 acres, national wilderness areas, national memorial parks over 5,000dacres an
international parksin this document, natural wildfires are considered a natural
contributor to background haze, s therefore unregulated, but prescribed fires are
consideredo bemanmadeollution. This regulation provides impetus to create models
which can apportion the contribution of both wildfires and prescribed fires to regional air

pollution at receptor @ts.

1.1.2 Importance of biomass burning source profiles

Source profiles of biomass burning emissions are used in chemical mass balance
models to apportion wildfire smoke in ambient air pollution samples collected at receptor
sites. Sheesley et. §2007)conducted a sensitivity study with a molecular marker
chemical mass balance (MMMB) model to address how different levoglucosan/OC

ratios affected biomass burning apportionmente Eilfferent smoke source profiles were



usedin the MM-CMB model The first profilewas froman averagef measuremenisf
smoke produced byurning the five most prevalent woods in the EPA region 4 (the
southeastern United States) ifiraplace. The secahprofile was froman operburn
profile in pinedominated Georgia forests. The other three profiesean average of
woods prevalent in the Midwest, a pine wood fireplace profile, and an average of woods
prevalent in the western U.&heesley et al., 2007Ambient air pollution samples were
collected in North Carolina; therefore, the model run utied=PA region 4 source
profile was expected to produce the most accurate apportionment. The ggrisisiy
shows that usinggeographicallynappropriatevood smoke source profisan

significantly change thestimation obiomass burningontributions to ambient air
pollution. The pine wood profile underestimated the biomass burning contribution by
nealy a factor of three, while the Georgia open burn profile simulates the biomass

burning contribution fairly wellas shown irFigure1.2.
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Figure 1.2 Comparison bbiomass burning contributions astimatedoy an MM CMB model calculateavith different
wood smoke source profilésom Sheesley et. al., 2007.
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1.2 Composition of wildfire smoke
1.2.1 Bulk composition

The chemical components iftomass smoke particlesrche separated into two
main categories carbonaceouand norcarbonaceous. Necarbonaceous species
include elements and ionic compounds. Major elements found in biomass smoke include
potassium, sulfur and chlorine. One study of residential wood corhisiowed that
potassium accounted for 11 percenthef mass o$moke particles smaller than 2.5
microns, sulfur accounted for 2 percenthe PM smass and chlorine accounted for 3
percentof the PM smass(Rau, 1989)Major ionicsalts found in biomass burning smoke
include potassium chloride, ammonium sulfate and ammonium nitrate. The
carbonaceous species can be separated into two fractions, eleme miajaaric carbon.
Wildfire smoke istypically dominated by organic carbon (OC) which consists primarily

of biogenic organic matter including lipids, and humic and fulvic a@dsoneit, 2002)

1.2.2 Smoke Tracers

Smoke tracers are chemical compounds that indicate the presence of wildfire
smoke in ambient samples. Khalil and Rasmu$26a3)identify four main
characteristics ofsidahatitontyeomés froetnroaecseurce; fAuni qu
constancy that operational and environmental conditions at the source do not affect the
emission factor; inertnegsthat the tracer is not lost between the source and the receptor
any more or less than the pollotaf interest, and a high precision of measurement so
t hat we can measure its concentrations exa

used inmolecular markechemical mass balance models to apportion air pollution



measured at receptor sites toafie source. Cholesterol has been identified as a
powerful tracer for meat cooking emissipaad elemental carbon is often usea
tracer for diesel emissions. To date, several chemical compounds have been identified as
potential smoke marker trace&ome tracers, including potassiamd anhydrosugars,
can be measured easily and are often present in the ambient atmosphere at measurable
levels.

Echalar et. al(1995)identifiedelementapotassium as a tracer d¢dming fires. It
is suggested that high temperature burning can volatilize potassium chlovetgetation
into airborne particulateslowever, because elemental potassium aerosols can be
produced by a variety of sources such as mineral dust, wateresphtalssium is a
stronger smoke marker than elemental potassium. Furthermore, water soluble potassium
is routinely measured in several national networks including the IMPROVE network and
the CASTNET network.

Using the characteristics of a tracefided ty Khalil and Rasmussg2003)
potassiunis a nonidealtracer of biomass burnirgmoke. Firstit is not uniquely
produced by biomass burning; it is also produced by meat cooking and trash incineration
(Simoneit, 2002)Although these sources may not be important in the rural environment,
they can be significant in urban areas. Also, potassium emissions depend strongly on the
combustion conditions; aerossAamples collected during the flaming phase of biomass
combustion contain ten times as much potassium as samples collected in the smoldering
phasgEchalar et al., 1995)

Anhydrosugars, which are created by high temperatyn@ysis d cellulose and

hemrtellulose, can also serve @semical tracerof smoke. Cellulose and hemicellulose



comprise approximately 45 percea 80 percent of dry biomag¢Shafizadeh, 1982)
therefore, it is logical that the combustion products of these two components would be
present in high concentrations in smoke. Cellulose is broken down through three different
pathways corresponding to three different tenjpeearegimegShafizadeh, 1982)n the
low temperature regime between I%Dand 19CC, cellulose breaks down to form
carbon monoxide, carbon dioxide, wiaéad char. In the high temperature regime above
500°C, flash pyrolysis occunghich produces a mixture of low molecular weight gases
and volatiles. In the middle regime between 300and 500C, anhydrosugars are
produced during a process called tranglylation, along with oligosaccharides and
decomposition products of glucose. In this reaction, the glycosidic group in the cellulose
molecule is cleaved and replaced with a hydroxyl gr@hafizadeh, 1982)'he main
anhydrosugar produced by this process is levoglucosamahyireb-D-
glucopyranose) ; however, measur abl e amount
mannosan (1;&anhydreb-D-mannopyranose) and lgatosan (1,&anhydreb-D-
galactopyranose) asdsoproduced. Recent studies of levoglucosan suggest that the
transglycosylation process occurs at lower temperaturagptlaiously assumed,
between 150 and 35 (Kuo et al., 2008) This research suggest that levoglucosan can
be produced at temperatures above I50nly if mineral structures in plant fibean
provide physical protection.

The applicability of levoglucosan as a smoke marker has been extensively
studied. However, studies of mannosan and galactosan are not as numerous or detailed.
Therefore, only the chemical properties of levoglucosan will be discussed. Levoglucosan

is exclusively produced by cellulose combustion, artthereforeexclusively produced



by biomass burning. However, levoglucosan emissions depend on combustion

temperature, with a production maximum at 280QKuo et al., 2008)as shown in

Figurel.3.
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Figure 1.3 Dependence of levoglucosan yield on combustion temper&rare. Kuo et. al., 2008.

Levoglucosan halseenshown to be stable for at least 10 days in an acidic
environment similar to the atmosphégchkolnik and Rudich, 2006and has been
measured in Antarctice cores collected at Dome(Gambaro et al., 2008Measuring
levoglucosan is significantly more difficult than measuring water soluble potassium.
Traditional techniques include gas chromatography coupled to mass spectrometry, which
requiresmultiple solvent extretions chemical derivatizatioand extensive analysis.

Thus, GEMS requires extensive labor and financial resources. However, anhydrosugars
can also be measured by High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection (HPAHZAD), which is a measurement technique

similar to ion chromatograph¥ngling et al., 2006)Filter samples are extracted in

water, and theletection method and subsequeata analysis isimilarto IC analysis.

The use of HPAEE@PAD has made measuring levoglucosan easier, whadtes it a

more powerful tracer.



Figurel.4 shows the differences in cellulose dry mass between different
vegetation types. Because levoglucosan is produced from cellulose combustion, and
cellulose concentrationgry between vegetation types, levoglucosan yields may

conceivablybe used as a marker to identify smoke from different types of vegetation.

Cellulose (% d.m.)
8
|
PO .

Straw

Wood (angiosperms)
Wood (conifers)

Leaves (grasses)
Leaves (herbs and trees)
Seeds

Figure 1.4 Cellulosic contents of different vegetation typesifiHoch(2007)

Many other chengial compounds have been identified as strong vegetation type
tracers. These include guaiacols produced by softwood combustnas vanillin and
coniferyl aldehydeand syringols produced by hardwood combustinich as
syringealdehydéSchauer et al., 2001)lowever, these compounds are currently only
measurable by GMS, and they are not present in the atmosphere in large quantities.

One study found ambient concentas of levoglucosan of 2390 ng®in Bakersfield,



CA and 2980 ng iin Fresno, CAput smaller concentrations of vanilli#,8 and 6.3 ng
m*, andsyringaldehyde concentrations28 and 14 ng i (Nolte etal., 2001) Due to
the difficulty of measuring these vegetation smoke maylkkes scarcity in the
atmosphere, and the potential for these compounds to degrade in the atmakjshere
study will focus on characterizing smoke from different types gétegion using water

soluble potassium and anhydrosugars as smoke markers.

1.3 Results from previous studies

Several studies have created smoke marker source profiles for different vegetation
types under different burning conditions. Th@tmain combusbn methods are fireplace
and wood stoveurnsand combustion chamber burns. Fine et. al. (2001; 2002; 2004)
produced a series of papers that investigated the emigoombardwood and softwood
logs commonly burned in residences in three regions of titedJStates. Oros and
Simoneit (2001a, 2002b) and Oros et(2006)collected vegetation mixtures that
represented wildfires coniferous forests, deciduous forests and grasslands, and
measured the emissionssamples othese mixtures burned in a controlke@. The Fire
Lab at Missoula Experiment (FLAME) study, discussed in chapter 2, employed the use of
a burn chambefor open burning obver thirty different fuels.

The studies authored by Fine et. al. (2001; 2002; 2004) particularly focuse& on th
analysis of organic species in smoke produced by bumaugisthat aretypically
burned in home fireplaces. The authors getbevoods based on their nationwide
availability for residential wood burning, and sampled 18 of the 21 most common tree

species in the United States. Logs of each species were burned in a brick masonry
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fireplace. The smoke then entered a dilution santpleimulate downwind partitioning
between the gas and particle phases. Theseanode aerosol was removed using a six
cyclone PM s separatgrand the fine mode aerosol was sampled on Teflon and quartz
fiber filters. The filters were analyzed for orgaaied elemental carbon by a Sunset
OC/EC analyzerfor ions by ion chromatographigr elements by xay fluorescence,
andfor speciated organics by gas chromatography coupled with mass spectrometry.

Levoglucosan was measured in every sample. Levoglugosias ranged
between 3 and 12 percent of fine particulate mass for woods grown in the Northeast, with
an average levoglucosan yield of @€l devoglucosah € g (Fid€et al., 2001)The
authorsalso found that hardwoods (red maple, northern red oak, and paper birch) emit
more levoglucosan than softwoods (eastern white pine, heratatkalsam fir). The
| evoglucosan yields of hardwoods ranged be
| evoglucosan yields of softwoods ranged be
greater difference in the mannosan yields of hardwoods and softwidzelsnannosan
yields of hardwoods ranged between 0.0013
yields of softwoods ranged (Fnedatakee0d) 0. 0090
Galactosamroncentationswerebelow the detection limit, and therefore not reporied,
two of the hardwood samples.

A study of woods grown in the Southern United States also revealed differences
in smoke marker emissions for hardwoods and softwoods. The hardwoodsréhat we
sampledwvereyellow poplar, white ash, swegum, and mockernut hickory. The
softwoods sampled were loblolly pine and slash pine. The levoglucosan yields of

hardwoodsrangedhete en 0. 098 and 0. 159 e€g/ g OC, an
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softwoods wer e 0. ORMetaln2002hnte@sdngly, theygevas g OC

not an observed difference in mannosan yields; the softwood mannosan yields of 0.008

and 0.009 e€g/eg OC were within {(FAneetalange o
2002) Galactosan was only detected in two of the six samples.

The last study in the series examined the source profiles of woods found in the
midwestern and western United States$or speces of hardwoods and four species of
softwoods. The hardwoods sampled were white oak, sugar maple, black oak, American
beech, black cherry and quaking aspen. The softwoods studied were white spruce,
douglas fir, ponderosa pine and pinyon pine. This studiywai provide evidence for the
assertion that levoglucosan yields differ between hardwoods and softwoods. The
levoglucosan yields of hardwoods raddgee t ween 0. 076 and 0. 334 ¢
levoglucosan yields of softwoodanged betwee@.001 and 0.27& g / ¢ dFin®©et al.,

2004) However, in this study, the mannosan yields of hardwoods and softwoods

appeaedto be distinctly different. The mansan yields of hardwoods randgaetween

0.0045 and 0.017 e©€g/ g OC, and, excluding
the mannosan yields of softwoods rathpee t ween 0. 021 a(Rreeet@l., 061 ¢ ¢
2004)

The data from the series of paperblmhel by Fine et. al(2001; 2002; 2004do
not create a clear conclusiabout the differences in emissions from different wood
speciesHowever, the data show that hardwoods generally protioce levoglucosan
than softwoods, and softwoods generally produce more mannosan than hardwoods.
Synthesizing all the data from the series of papers shows that the median levoglucosan

yield of hardwoods is approximately 50 percent larger than the median levoglucosan
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yieldofsof t woods; the median | evoglucosan yi el

compared to the median | evoglucosan yield

median of the mannosan yields in the three papers shows that burning softwood logs

produces aeswls with approximately 3.5 times more mannosan than burning hardwood

|l ogs. The median mannosan yield of hardwoo

medi an mannosan yield of softwoods, which
Oros and Simoneit (20012001b) and Orost. al. (2006) studied the emissions

of coniferous trees, deciduous trees and grassesontrolled fire Samples were

collected, dried, and then burned in an open fire until only embers remairesd.

coniferous tree samples inclutleranches, bark, ndies and cones, and the deciduous

tree samples includebranches and leaves. The smoke from the mixture of vegetation

types more closely resembleéhe emissions of wildfires than the fireplace log studies.

During sampling, smoke particles were colleabedjuartz fiber filtersby a high volume

particle sampler. Gawse mode particles were not filtered out of the sample under the

assumption that fresh biomass smoke is primarily in the fine mode. The filters were

analyzed for organic and elemental carbon uaigyinset OC/EC analyzer, and for

organic species using a @S. Filters were extracted in dichloromethane {CH),

which is inefficient at extracting polar compounds, including anhydrosugars. Extraction

in a polar compound increases the efficiency bgcofr of 10(Oros et al., 2006; Oros

and Simoneit, 2001a; bYhus, the anhydrosugar yields presented by Oros and Simoneit

(2001a, 2001b) and Oros et. al. (20@0@reanomalously low by approximately an order

of magnitude. All anhydrosugar yields presented from the studies conducted by Oros

have had a correction factor of 10 applied to account for the poor extraction efficiency.
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The results from Oros and Simoneit (2001a, 2001b) sdowat fires from the
componerd ofconiferous treesemitted more levoglucosan thahose ofdeciduous trees
Smoke from leaves and branches of deciduous trees, including eucalyptus, Oregon maple,
red alder, silvebirch and dwarf birch, containeth average levoglucosan yield of 0.016
e g/ ¢ g(Or@s@nd Simoneit, 2001pmoke frontones, bark, needles and branches
of coniferous trees, including six species of pine, three species of fir, California redwood,
mountain hemlock, Port Orforcedar and sitka spruce, contairsdaverage
| evoglucosan vyi e(DrdsandfSimoneif) 20@8La)bege/firdmpgs @IC
opposite to the findings of Fine et. al. (2001; 2002; 2004) who ads$kat levoglucosan
yields are larger in hardwoods than in softwoods. However, the Fine studies only
included the woody materiathe Oros studies includénerbaceous material as well.
These studiesnay indicatehatsmoke fromdeciduous leavesontaindess levoglucosan
thansmoke fronconiferous needles. The average levoglucosan yield of gnaases
0. 020 ¢ g/ evgashénzen the hvierage yields of coniferous and deciduous trees
(Oros et al., 2006)

Smoke from coniferous trees alsall@alarger average mannosgald than
smoke from deciduous trees. The average mannosan yield of deciduougased¥028
e g/ ¢ dOrd® &nd Simoneit, 2001,b)hich wasapproximately half of the average
mannosan yield of coniferous trees, whicdisO . 0 0 5 9 gQ@ds ang SiBadeit,
2001a) The average mannosan yield ofgrassasa | so 0. 00 2osetgl] ¢ g OC
2006) whichwasthe same as the mannosan yield of deciduous trees. Interestingly, the
average galactosaneyuls of both coniferous and decidudteeswere0 . 006 e g/ € g OC

(Oros and Simoneit 2001a; Oros and Simoneit 2001b), although the average galactosan
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yield of grassesvasO . 003 e€g/ e€g OC. Although the fuel
papers more closehgsembld the fuel mixture burned in a wildfire, it is important to

note that the masses of each vegetation type may not accurately represent the distribution
of vegetation types in natural vegetatidwlditionally, the combustion calitions of
fireplaceburns do not accurately simulate the combustion conditions of wildland fires.
Because smoke marker concentrations are affected by combustion temperatures,

differences in emissions may exist between fireplace burns and wildland fires.

1.4 Study Objectives
Previous work has shown the importance of accurate biomass burning source
profiles, and has outlined sevedififerent approaches to estimatiogntributions of
primary biomass burning to ambient particulate matter. However, priosstudies
focusedon individual burns, which areithersingle vegetation types from a single
species of vegetatigor a mixture of vegetation types from a single speé&iew efforts
have focused on creating source profiles for burning entire fuelbeds. The objectives of
this study are as follows:
e To create vegetation type smoke marker source profiles from laboratory
biomass burningxperiments.
e To quantifythe differences in smoke marker yields between different
vegetation types,
e To create fuelbed source profiles thatdrporate emissions from litter,

grasses, shrubs and trees,
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e To map these fuelbed source profiles across the United States to understand
the spatial variation in smoke marker yields,

e And to apply these new source profiles toi@mass burningarbon
apportonment study to improve estimations of the contribution of biomass

burning to primary particulate matter in Rocky Mountain National Park.

To accomplish these objectives, data from the Firedtéissoula Experiment
(FLAME) studywereanalyzed. Relationgbs between smoke marker yield and
vegetation type @re explored, and vegetation type source profiles of smoke markers
were created. These vegetation type source provgescoupled with a fuelbed model
that prescribgthe fuel loadingsand primary speesfor theduff stratum litter stratum,
grass stratum, shrub stratamd the canopstratumfor each fuelbed to create fuelbed
source profiles. This fuelbed model also includes a map of fuelbeds across the United
States, which is used to create smoke erayield maps. Chapter two includes a brief
methodology of the collection and analysis of FLAME samples, an explanation of how
vegetation type and fuelbed source profiles were created, and a description of the Fuel
Characteristic Classification System (F&duelbed model. The results of this study are
described in chapter 3. Firshe relationship betweemhydrosugayields and cellulosic
and hemicellulosicontens of vegetation types explored. Thera statistical
investigation of the smoke markeelds of different vegetation types is described, and
source profiles for vegetation types and for fuelbeds are given. These fuelbed source
profiles are mapped across the conterminous United States, and the spatial variability of

smoke marker yields is digssed. The sensitivity of these maps to changes in vegetation
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type apportionment is explored, and the deviations of the fuelbeds from a national
average are discussed. Finally, the fuelbed source profiles are used to estimate primary
biomass burning carbaoncentrationsit a receptor site in Rocky Mountain National
Park. A summary of the work is presented in chapter 4, and recommendations for future

work are presented in chapter 5.
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Chapter 2: Methodology
2.1 FLAME Study

The purpose of the FLAMBwsdy was to characterize the physical, chemical and
optical properties of aerosols produced by biomass burning. Samples were collected over
two campaigns, FLAME | in 2006 (May 228, May 30June 1 and June 9) and
FLAME Il in 2007 (May 2026, May 29June2, and June-$). Over the course of these
campaigns, over 33 different fuels were burned in over 136 burns. Fuels were selected
based on their likelihood to contribute significantly to ambient Pddncentrations.
Fuels typically grown in the westerndathe southeastern United States were selected
because the majority of wildfires in the conterminous U.S. occur in these regions.
Within the west, fires that occur in regions with vegetation representeitnyfuel
models developed for the National Fdanger Rating System have been shown to
produce 75% of Pl produced by biomass burning eveliEsnal Report 1996 Fire

Emission Inventory for the WRAP regierMethodology and Emission Estimat@604)

as shown irFigure2.1.

1996 Wildfire Activity and PM2.5 Emissions by
m Fire event NFDRS Fuel Model
m Fire days
35 1-{mArea
1 Fuel N
| PM2_5 I

Percent of total

NFDRS Fuel Model

Figure 2.1 Chart describing the PMsemissions from different fuel models.
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These fuel models are California mixed chappareldst&0 years or older (fuel model

B), mature closed chamise and oakbrush stands (fuel model F), dense conifer stands with
heavy litter accumulation (fuel model G), and sagebgrsiss shrublands (fuel model T).
Because the fuels in these four models cbate most significantly to poor air quality

events, these fuels were chosen to be intensively studied in the FLAME study.

2.1.1 Facility and Equipment Description

The FLAME study was conducted at the USFS (United State Forest
Service)/USDA (United Statd3epartment of Agriculture) Fire Science Lab in Missoula,
Montana. The Fire Science Lab contains a combustion chamber, shéigarie2.2,
that measures 12.5 meters x 12.5 meters x 22 meters (length x width ty. Haigls are
burned on a 0.8 x 1.2 meter bed directly beneath the sampling stack. Air can be drawn
through the stack up to a sampling platform during stack burns, or the stack can be turned

off, allowing smoke to fill the combustion chamber during chanbloens.

T _.. . T
y Exhaust
Fan

Sampling Platform
(1800 kg cap.)

t— 1.6 m —» im

Elevator
(230 kg cap.)

Mixing P -~
Qrifice

‘i

|« 12.5m >
Figure 2.2 Diagram of the combustion chamber at the Fire Science Lab. From Christian et. al. 2004.
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Organic species and organic and elemental canlmvameasured by analyzing
particulates capturechaquartz filters. The filteravere20.3 centimeters by 25.4
centimeters quartz fiber filters that have beenljked at 550C for 12 hours. The
baking removes any organic species that may have deposited on the filter, reducing the
potential for positivartifacts. Two filtersvereloaded onto filter holders on a Thermo
Fisher Scientific Total Suspended Particle (TSRYBI sampler with a PMsimpactor
plate, which draws air through the filters. The first fikeasa coarse fiber filter, which
only capures particles with aerodynamic diameters greater than 2.5 um. The second
filter, which can capture very small particlegsthe analysis filter. Because thesfir
filter captures the total cose mode aerosol, the analysis filter captures fine modecheros
only. After sampling, the filterarerewrapped in prebaked aluminum, and frozen until
analysis.

Potassium is nasured by analyzing particulate mattaptured on a nylon filter
that has been loaded into a URG denuder {pirk. The denuder train costs of a
PM s cyclone, annular denuders which collect gaseous ammonia and nitric acid, and a
filter pack containing a nylon filter and a citric acid coated cellulose filter. The nylon
filter captures all particulates and the cellulose filter captures amantioat has

volatilized off of the nylon filter.

2.1.2 Sampling during FLAME
Prior to each burn, the fuel bed was cleaned and new fuel was added to the bed. In
FLAME |, the fuel was ignited using butane and propane torches. In FLAME I, the fuel

was ignted using a set of heating tapes wetted with ethanol. After ignition, the fire
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burned for approximately-8 5 mi nut es. During a fAstacko bu
up the stack to a sampling platform. For these burns, a manifold diverted air flow from
thestack directly into a kol sampler located at the top of the sampling stack. The URG

system was located on the ground, but was directly connected to a sampling port in the

stack. Each stack burn was replicated two or three times, and a single filpde szam

collected across all the replicate burns for both theohquartz fiber filters and the URG

nylon filters. During a fichambero burn, th
therefore was allowed to fill the entire combustion chamber. To emsurugh time for

mixing, sampling lasted between 1.5 and 2 hours. All the sampling equipment was

located on the lab floor during a chamber burn. Chamber burns were not replicated.

2.1.3 Sample Extraction

Two punches (4.909 cneach) were taken from thyiartz fiber filters collected
by the hivol samplers. Both filter punches were placed in a 15 mL Nalgene Amber
Narrow-Mouth High Density Polyethylene Bottle, and 5 mL of deionized water was
added. The extraction was heat sonicated®0or 75 minutesad cooled to room
temperature. The extracts were filtered with a 0.2 um polytetraflouroethene membrane
syringe filter to remove undissolved organics and filter remnants. 600 uL of the filtered
extract was pipetted into SuBri polypropylene microsamplingals for analysis.
Each URG filter was placed into a test tube, and six mL of deionized water was added to
the tube, completely submerging the filter. The test tubes were sonicated without heat for

40 minutes. Because nylon filters do not degrade in witieextracts were not filtered.
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The extract was pipetted into 5 mL Nalgene cryogenic vials, and 600 pL of the extract

was pipetted into microsampling vials for analysis.

2.1.4 Sample Analysis

2.1.4.1 HPAEGPAD

Levoglucosan, mannosan and galactosartygically measured by gas
chromatography coupled with mass spectrometry-M&£), but this method requires
long preparations, dry conditions and expensive equip(Sahikolnik and Rudich,

2006) This study employed the use of high perforceanion exchange chromatography
with pulsed amperometric detection (HPAEP®@D). HPAEGPAD analyzes polar
carbohydrates in a similar method to ion chromatography, allowing for extraction in
deionized water instead of harsh solvents, which reduces thantbktbor significantly.

The system is a Dionex ion chromatograph with electrochemical detection. A
Dionex CarboPac PA10 column is used for carbohydrate separation. The full separation
method is 54 minutes long, including column cleaning aretrelibraion steps, and
deionized water and a 200 mM solution of sodium hydroxide (NaOH) are used as eluents.
The anhydrosugars elute in the first ten minutes in an 18 mM concentration of NaOH.
After detection, the concentration of NaOH is linearly increased taNQo elute
glucose, mannose and galactose. The column is then cleaned with a 180 mM solution of
NaOH for the next 14 minutes. During the last 16 minutes, the concentration of NaOH is
decreased back to 18 mM teequilibrate the system. An example chrooggam is
shown inFigure2.3. The CarboBcPA10 column cannot separate levogisan from

arabitol; however, atatol, associated with fungal spores, is only present in significant
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guantitiesin ambient samples. & FLAME samples were reanalyzed on a column that
allowed for the quantification of mannitol concentrations. Mannitol and arabitol occur in
a constant ratio in fungal spor@auer et al., 2008}herefore, the arabitol concentration
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Figure 2.3 An example chromatogram from HPAE®@D system showing sugar detection. The sample is a
stock solution of three anhydrosugars and three sugars.

could be calculated, and subtracted from the levoglucosan concentration. The arabitol
concentrations were less than 10 peradrihe levoglucosan concentrations. Due to the
small error, none of the AME samples were corrected for possible arabitol
interference. The limits of detection for all of the instruments were calculated using the

formula shown irequation 2.1.

1+N
LOD = x, + (t * Sp * 1+Nb) Equation 2.1
*Np

where x is the average concentration of the blank filters, t is thetaed 95%
confidence limit tvalue, gis the standard deviation of the blanks, apdsNhe numbr

of blanks. For all limits of detectiom, flowrate of 1.13 fimin and an average sampling
time of 20 minutes are assum&kcause blank filters did not show any concentration of

anhydrosugars, limits of detection were created from the noise in deievatedblank
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samples. The limitof detection fothe anhydrosugars were generally less than 0.10

ug/nt (Sullivan et al., 2008)

2.1.4.2 lon Chromatography

Some of the particulate mattesptured on the URG nylon filtevaswater
soluble, and keinto its ionic components in solution. These ions, includirigwere
measured by ion chromatography. Cations and am@nsmeasured on two separate but
similar systems. The cation systemdaiaeDionex lonRcCS12A5 column and a 20 mM
methanesulfonic eluent, andda flow rate of 0.5 mL per minute. Sodium, ammonium,
potassium, magnesium and calcium isreseable to be measured in approximately 15
minutes. A typical cation chromatogram iosm inFigure2.4. The systemvas
calibrated once per set of samples by creating a calibration curve using peak response to
concentration ratios from eight standards which coedtthe five measurable cations,
and chloride, nitrate, nitrite and sulfate. One standarsihlso injected between every ten
samples to check for system stability. The DI blank limit of detection fovd60.36
ng/nT assuming a flowrate of 1.13%min and an average sampling time ofréibiutes

(Sullivan et al., 2008)

2.1.4.30rganic Carbon & Elemental Carbon

Organic carbon and elemental carlvegre measured by the thermal optical
transmission techniqugsing a Sunset QEC analyzefBirch and Cary, 1996@pllowing
the NIOSH (Nabnal Institute for Occupation&afety and Health) 5040 methler

and Cassinelli, 19960 begin analysis, a 1.4 &munchwastaken from the quartz fiber
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Figure 2.4 Typical cation chromatogram from the analysistandard solution.

filter, and placed into the Sunset analyzer. The first stage of analysis measures organic
carbon. During this stage, the oven heats to approximatel@2a0steps in an

environment of pure helium, which volatilizes the organic cadfbof the filter. The
volatilized organic carbon is then catalytically oxidized to,@0450°C over a bed of
granular MnQ. The CQ concentration is measured using faispersive infrared

detection. Throughout the analyss,photodetector measurdse transmittancef a

pulsed diode heliumeon lasethrough the filter and continually checks for the

formation of char, which can be created above 00T he transmittance of the laser
through the filter decreases as char accumulates. To correct &ociin@ulation of char,

the oven temperature is first reduced and a mixture of oxygen (10%) and helium is
introduced, and then the oven is reheated to°86@&s oxygen enters the oven,
pyrolytically generated char will oxidize, which increases filter trattance. When the

filter transmittance has increased to its baseline level, it is assumed that all of the char has
volatilized off the filter, and any remaining carbon is elemental. In a similar manner to

the volatilization of organic carbon, the elememtibon is also oxidized to G@nd
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measured. An internal methane standard calibrates the system after every analysis. The
changes in temperature, laser transmittance andi@®hown for a sample analysis in
Figure2.5. The limit of detection for OC is 648g C/n? and the limit of detection for EC
is 1.0 pg C/massuming a flowrate of 1.13%min and an average sampling time of 20

minutes (Holden, 200&ullivan et. al., 2008

— Temperature — Laser Transmittance — C0O2

\ QCIEC Split \

CH4
{Calibration)

Time (min)
Figure 2.5 Sample OC/EC analysis. The black line shows the split between elemental and organic carbon.
From Holden, 2008.

2.2 Source Profiles

Source profiles describe the chemical signature of biomass burning smoke. In
previous analyses #1LAME data, the ratio of the concentration of levoglucaosdine
concentration of organic carbon has been used to fingerprint smokes producedry burn
different vegetation typeSullivanet al., 2008)as shown ifrigure2.6. This concept

was statistically investigated, and extended to other smoke markers.
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Figure 2.6 Relationship between levoghgan concentration and OC concentration can be used as a
vegetation marker. From Sullivan et. al. 2008.

2.2.1 Development of source profiles from FLAME data

The FLAME data were originally categorized into six different vegetation fiypes
leaves, needlesranches, duffs, grasses and straws. However, source profiles were not
created for every original vegetation category. The straw category was eliminated
because the only types of straw sampled were rice straws. Therefore, a straw category
would not have awrately represented alf the different species of straws that can burn
in the United States. The duff category was also eliminated because it was too specific.
The duffs sampled in the FLAME study were all collected in subpolar evergreen
needleleaved fests, and cannot accurately represent duffs from etteesystemsuch
as broadleaved forests. Furthermore, source profiles of mhaffsnot be necessary
because duffs are actually a composite of several other vegetation types that have been
buried and érmented on the forest floor. Contributions from the duff layer to smoke can

be calculated using knowledge of the composition and depth of the duff layer, which is
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