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AEROSOL CHARACTERIZATION FOR AGRICULTURAL
FIELD BURNING SMOKE

Abstract

By Jorge Rodrigo Jmenez, Ph.D.
Washington State University
December 2006

Chair: Candis Claiborn

Rural communities in eastern Washington and northern Idaho have been
concerned about hedlth problems related to smoke exposure from agriculturd field
burning. However, pollution from field burning often does not violate air quality
gandards, and not much is known about community exposure to smoke from field
burning. This research improves the understanding of air quaity impacts from regiond
agricuturd fidd burning in these communities

PM 5 measurements were made a a monitoring Ste established in Pullman, WA
during the fal 2002. Two source-receptor models were used to apportion PM» s from
vegetative burning smoke. Contributions of PM2 5 from soil (38%), vegetative burning
(35%), and sulfate aerosol (20%), and much less from vehicles (2%) and cooking (1%)
were found in the Pullman airshed.

However, the source profile for vegetative burning used in the previous study was
not able to differentiate agricultura residue smoke versus smoke from woodstoves.

Levoglucosan and 19 methoxyphenols (MPs) were evauated as tracers for wheat and



Kentucky bluegrass (KBG) stubble smoke. PM samples from wheat and KBG stubble
smoke were collected from controlled chamber burns, and field burnsin the region.
Among the MPs andyzed in this work, syringaldehyde, acetosyringone and
coniferyladehyde were found to be the most prominent tracers for wheat smoke, and
were not always present in detectable amounts in KBG smoke, while the ratio of LG/
syringa dehyde found in wheet stubble (~80) was much higher than the sameratio
reported for hardwood (~5).

During the Pullman study, the continuous PM», s measurements aone were not
able to digtinguish vegetative combustion from soil originated PM. In addition to PM> s
monitors, an agtha ometer was used to make this distinction. This instrument is a semi-
continuous monitor that indirectly measures light absorbing carbon (LAC) aerosol
concentrations by measuring light absorption through a quartz filter.

Evidence indicates that the aethalometer may be affected by semi-voldile
organic compounds (SVOC), multiple scattering, and a nortlinear response to highly
absorbing particles. In order to quantify and correct for these interferences, the
aethalometer was tested with a SYOC denuder at controlled conditions of PM from
Diesd exhaust and a correction was proposed for measuring near-red time

concentrations of BC from freshly emitted soot.
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This dissertation includes five chapters. The first chapter presents the objectives
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CHAPTER 1: INTRODUCTION

For many years, cered grain and grass seed farmersin eastern Washington and
northern 1daho have been utilizing prescribed field burning as part of their farming
practices. They grow commercid species such as wheet, barley and grass seed and the
choice of burning to clear fields of vegetation and debris has long been an inexpensive
and efficient way to prepare the ground for farming activities. The main purposes of
burning are to: () liminate surface organic matter; (b) control undesirable weeds; ()
control plant pests and diseases; (d) return nutrients and minerals to the soil; and (€)
promote seed production of the crop (Meland and Boubel, 1966). However, neighboring
communitiesin rurd aress have noticed an impact in the air qudity from these burning
practices (Jimenez, 2002). In addition, people have reported hedth related problems,
which include asthma, headaches, and other respiratory and heart conditions (Roberts and
Corkill, 1998).

In 1998, the Washington Department of Ecology (WDOE) prohibited the
utilization of fire asatool to clear grass seed fields in the state of Washington. However,
grass seed production (Kentucky bluegrass, KBG) using fireis ill alowed in Idaho and
Oregon, where grass field burning regulations differ from those in Washington State
(WDOE, 1998). After WDOE banned KBG burning in Washington, citizen complaints
have been directed at other burning activities such as wheat and barley stubble. Currently,
field burning is regulated in Washington State and alowed when vertilation conditions
disperse the smoke away from urban areas. Y &, rura communities have complained of

impacts on air quality from current burning practices, and citizens have voiced hedth



concerns related to smoke exposure, as well as potentiadly negeative impacts on tourism
and economic activities,

Biomass smoke includes both vapor and particulate phase materid, with much of
the particulate matter (PM) in the PM2.5 (PM lessthan 2.5 um in aerodynamic diameter)
gzerange. PM, s from biomass smoke consists mainly of organic carbonaceous species
(OC) and ementd carbon (EC). Elemental carbon isdso referred to aslight absorbing
carbon (LAC) or black carbon (BC) aerosol fromits optical property as a strong light
absorber. These compounds are by-products from incomplete combustion of
carbonaceous fuels. In addition to smoke from agricultura field burning, eastern
Washington, a semi-arid region, can have sgnificant leves of partidesin thear froma
variety of sources. These sources include fugitive dust from roads and fields (Claiborn et
al., 2000; Kim et a., 2003), and forest fires (Jimenez, 2002).

PM .5 in biomass burning smoke can have a potentidly detrimenta impact on
human health from both acute and chronic exposures (US EPA, 2004). Chronic exposure
to biomass smoke could reduce lung function, depress the immune system and increase
the risk of respiratory diseases (Sutherland, 2004; Sutherland and Martin, 2003). In
addition, there is evidence that short-term excursonsin PM3 s result in acute hedlth
effects on susceptible people; including chronic obstructive pulmonary disease (COPD)
patients, and asthmatic children (Romieu et ., 1996; Pekkanen et al., 1997; Peters et dl.,
1997). Long and co-workers (1998) reported from their questionnaire-based survey in
Winnipeg, Canada that individuas with asthma or chronic bronchitis were adversely

affected by straw burning. More recently, Tirigoe et d. (2000) found a relationship



between PM 1o (PM less than 10 pum in aerodynamic diameter) and children with asthma
attacks, with the rise of PM 19 most likely from rice straw burning in Niigata, Japan.

Since the Nationd Ambient Air Quadity Standards (NAAQS) for PM 10 and PM2 5
are based on 24-h or annual average concentrations, these smoke episodes do not
necessarily violate the standards due to their relatively short duration and the scarcity of
the monitors in eastern Washington and northern Idaho. Thus, few studies have been
conducted to characterize air quality during agricultural burning episodes and even fewer
have characterized exposure and the associated hedth effects. As populationsin the rura
aress of eastern Washington and northern Idaho continue to grow, thereis aneed for an
improved understanding of the air quaity impacts of agriculturd field burning on
populated areas. Our efforts to characterize the community exposure to smoke from
agricultura field burning motivated the research presented in Chapter 2, which isthe first
paper of aseries of three publications (Jmenez et d., 2006; Wu et d., 2006; Sullivan et
al., 2006) generated from a study examining community exposure to air pollution from
agricultura burning and the related hedth effects in a susceptible group, which involved
asdected group of adults with mild to moderate asthma.

Chapter 2 characterizesthe air quality during a period of prescribed agricultura
field burning in an eastern Washington town. As part of this research, two source-
receptor modds were used to estimate smoke intrusion from regiond agriculturd field
burning on the observed PM 5 mass concentrations in Pullman, WA. Apportioning smoke
from agricultura fidd burning in populated areas through the use of receptor modds can
be accomplished by knowing the chemica and physical characteristics of the particle

tracers present in smoke. Other sources of biomass smoke, including residential wood



stoves and forest fires, affect the ability of these models to accurately apportion this
source due to common tracers and the smilarity of the emission profiles (Smoneit, 2002;
Oros and Smoneit, 2001). Thus, we were interested in identifying unique and reliable
tracers for wheat and/or grass smoke to successfully separate and apportion air pollution
from combustion of crop residues. This was the motivation for the research presented in
Chapter 3, which has been submitted for publication in the Journal Environmental
Science & Technology.

An important aspect of measuring short-term excursonsin PM; s from fidd
burning is capturing real-time characteristic of biomass smoke in the air. Filter-based
samples collected over time do not often capture short-term variations and current
continuous PM monitors, such as Tapered Element Oscillating Microbaance (TEOM)
and light scattering nephelometer do nat provide much information regarding the origin
of the particles sampled (fine airborne dust versus biomass smoke). Since we know that
biomass burning is a source of carbonaceous aerosols, red-time concentrations of BC can
be measured using an aethdometer (Magee Scientific, Berkeley, CA), which isanear-
continuous ingtrument that measures BC aerosol concentrations from its light aosorption
properties through a quartz filter a one or more different wavelengths (Hansen et d.,
1984). Nonetheless, evidence indicates that quartz fiber filters are prone to absorb semi-
volatile organic compounds (SVOC) (Eatough et d., 1995; Pang et d., 2002), which are
aso known to absorb light at severd wavelengths (Weingartner et a., 2003). This
condition may result in over-estimations of BC in environments with high SYOC
concentrations. Thisinstrumenta artifact was the motivation for the research presented in

Chapter 4 and the manuscript was formatted in the style of the Journal of the Air &



Waste Management Association. In addition, this Chapter proposes a correction for the

current aethalometer adgorithm, in order to measure BC from fresh Diesdl exhaust.
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ABSTRACT

Agricultura burning has been subject to intense debate in eastern Washington.
Rurd communities are concerned about hedlth impacts related to smoke exposure from
field burning. However, the short-duration excursions of smoke often do not violate air
quaity standards at locations where air quaity monitors are Stuated. The purpose of this
study was to characterize the air quadity in Pullman, WA during the fal 2002 prescribed
field burning season, as part of alarger study conducted to examine community exposure
to agriculturd burning smoke and the related short-term hedlth effects. Data collected
included continuous PM>_ s, PM 10, CO», nitrogen oxides, and 12-hour integrated PM s,
OC, EC, and levoglucosan (a biomass burning marker). Four episodes were defined when
three consecutive 30-min PM 5 averages exceeded 40 pg mi®. Two source-receptor
models, the Chemicad Mass Bdance modd (CMB) and Positive Matrix Factorization
(PMF) were used to estimate smoke intrusion from regiona agricultural burning. During
this study, the average PM, 5, OC, and EC were Smilar during the daytime and nighttime,
while LG was twice as high during the night. The CMB results showed mgor
contributions of PM> 5 from soil (38%), vegetative burning (35%), and sulfate aerosol
(20%), and much less from vehicles (2%), and cooking (1%6). The 3-source profiles
generated by PMF were consstent with those selected for CMB modding. The PM2 5
edimates from these two models were highly corrdated for individua sources. The LG,
NOx, CO2, OC, and apportioned PM 5 from vegetative burning and soil were higher
during the episodes than during non-episode days, while EC and PM s from secondary

sulfate, vehicles, and cooking sources were smilar throughout the study. We
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characterized the episodes of agriculturd field burning with devated LG, OC, and

biomass burning contributionsto PM 5.

Keywords: Biomass burning, smoke impact in rural communities, source apportionment,

exposure assessment, receptor model.

21INTRODUCTION

In the past decade, agricultural burning has been subject to intense discusson and
public debate in the semi-arid eastern Washington (Jdmenez, 2002). Neighboring
communities from rurd areas have noticed an impact on air quality from farmers
burning practices and citizens have voiced health concerns related to smoke exposure, as
well as potentialy negetive impacts on tourism and economic activities (Roberts and
Corkill, 1998). Smoke from biomass burning contains numerous chemica compounds
induding, but not limited to, carbon monoxide (CO), NOy, volatile organic compounds
(Jenkins et d., 1996), and particulate matter with an aerodynamic diameter lessthan 2.5
pm (PM2 5). In eastern Washington, other than agriculturd field burning, there are severd
important sources of PM3 5 including regiond forest fires and fugitive dust from roads
and occasiona wind blown dust (Claiborn et d., 2000; Kim et d., 2003). Fugitive dust in
this region contains a significant portion of geologica materid, and overlgpsthe PM, 5 at
aerodynamic diameters between 1 and 3 um (Claiborn et d., 2000).

PM, 5 in biomass burning smoke can have a potentidly detrimental impact on
human hedlth from both acute and chronic exposures (US EPA, 2004). Chronic exposure

to biomass smoke could reduce lung function, depress the immune system and increase
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the risk of respiratory diseases (Sutherland, 2004; Sutherland and Martin, 2003). Thereis
evidence that short-term excursonsin PM 5 result in acute hedth effects on susceptible
people including COPD, cardiovascular patients, and asthmatic children (Romieu et d.,
1996; Pekkanen et d., 1997; Peterset al., 1997; Veda et d., 1998; Roemer et al., 2000;
Yuetd., 2000; Ostro et d., 2001; Defino et d., 2002; Delfino et ., 2003). The hedth
effects include coughing, wheezing, chest tightness, and shortness of breath. Long and
coworker (1998) reported from their questionnaire-based survey in Winnipeg, Canada
that individuds with asthma or chronic bronchitis were more likely to be affected by
straw burning. Tirigoe et d. (2000) aso found arelationship between PM 1o and children
with asthma attacks, with the rise of PM 10 most likely from rice straw burning in Niigata,
Japan. However, short-term PM 5 excursions are not currently regulated.

Agriculturd burning in eastern Washington occurs primarily in the spring and
fdl, involving burning of mainly residues of cered grain including wheet and barley.
Approximately 2,000 agricultura fires are set each year in Washington State (WA DOE,
2004) over an area of ~ 15,000 Kn?, with atotal population of ~160,000 (WDOE, 2004).
However, only 6 monitoring Sites report red-time PM2 s concentrationsin thisarea. This
smdl number of monitoring sites likely result in an inadegquate monitoring of smoke
episodes under varying meteorologica conditions. Evidence was provided by the
disagreement between the PM s measurements and the amount of land burned or the
number of smoke related complaints (Jdmenez, 2002). Since the NAAQS for PM ;o and
PM 5 are based on 24-h or annua average concentrations, these smoke episodes do not
necessaxily violate the NAAQS dueto their rdlatively short duration and the scarcity of

the monitors in eastern Washington. Thus, few studies have been conducted to
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characterize ar quality during agricultura burning episodes and even less about the
asociated hedlth effects.

The purpose of this study was to characterize ar qudity during a period of
prescribed agricultura fidd burning in an eastern Washington town, as part of alarger
study examining community exposure to agricultural burning smoke and the reated
hedlth effects. As part of this work, two source-receptor models were used to estimate the
impacts of smoke intruson from regiond agriculturd fied burning on the observed PM3 5

mass concentrations in Pullman.

22METHODS
2.2.1. Monitoring period and site selection

This study was conducted in the 2002 fal agriculturd burning season
(September—November) based on the historical evidence for greater amounts of acres
burned per day and more smoke episodes reported by citizensin the fall burning season
(Jmenez, 2002). The air quality measurements analyzed in this paper were collected
primarily a one centrad monitoring Ste located on the roof of a building & Washington
State University (WSU) in Pullman, WA (elevation= 770 m, gpproximately 12 m above
sreet leve). Measurements from this Site were used to represent the ambient exposure of
subjects on the WSU campus (average elevation= 768 m) and in the genera Pullman area
(average devation= 774 m). In addition, we used this data, aong with measurements
collected inside the study subjects residences and time-location-activity information to
estimate personal exposures to PM3 s from outdoor sources and from agriculture burning

smoke using arandom component superposition modd, a recursve mass baance modd,
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and atotd exposure modd. Thisanalysisis reported esewhere (Wu et al., 2005). The
distance from the monitoring Ste to the burning fields depended on the location of the

field relaive to the monitoring Site, which ranged from afew to 200 kilometers.

2.2.2. Air quality sampling

PM measurements were taken from a continuous PM o and PM» s Tapered
Element Oscillating Microbaance (TEOM) monitors (30-min averages. Series 1400a,
Thermo Electron Co), alight scattering nephelometer (10-min averages. M903, Radiance
Research, Sedttle, WA), and a DataRAM with a PM» 5 Sze-sdective inlet (10-min
averages, Thermo-Andersen, Smyrna, GA). In addition, 12-h integrated PM» s samples
(operated from 0800 to 2000 and from 2000 to 0800, PST) were taken from collocated
and triplicate single-stage 10-LPM Harvard Impactors (HI» s) (Air Diagnogtics Inc.,
Naples, ME). Two HI, s sampled PM 5 onto 37-mm Teflon filters, and the third sampled
onto a quartz filter. The nephelometer was calibrated againgt the HI» 5 measurements
(intercept= 0.134 x10™° m*, slope= 0.243 x 10°° n? pgt, R? = 0.83, N= 99). Other air
congtituents included continuous carbon dioxide (10-min average, Telaire 1050
Engelhard, Goleta, CA), nitrogen oxides (10-min average, modd 42 Therma
Environmentd Instruments, Inc), and carbon monoxide (10-min average, Modd 9830
Monitor Labs, Inc). Meteorologica parameters including temperature, humidity, wind
speed and wind direction were aso recorded using a small weather station (30-min
average, WeatherLink, Davis Instruments Corp. Hayward, CA 94545).

The PM collected on the Teflon mediawas andyzed gravimetricaly using a

Mettler-Toledo UM T2 microbalance at the Universty of Washington laboratory, a a
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congtant temperature (22.2 £1.8°C) and relative humidity (34.8 £2.5%) for at least 24
hours prior to weighing (Allen et d., 2001). Filters were then andyzed for 55 inorganic
elements using X-ray Huorescence (XRF) at Chester LabNet, Tigard, Oregon. One set of
the duplicate Teflon filters were extracted by ultrasonication in ethylacetateltriethylamine
for LG andyss using Gas Chromatography — Mass Spectrometry (GC-MS) (Smpson et
a., 2004). Sections of the quartz filters (1 cf) were analyzed for OC and EC via
Therma Optica Transmittance (Sunset Laboratory, Inc. Tigard, OR) using amodified

version of the NIOSH 5040 method (Pang et a., 2002).

2.2.3. Episode definition

An episode was declared when three or more 30-minute average PM2 5
concentrations exceeded 40 pg m during any 24-hour period according to the central site
PM 5 TEOM and/or DataRAM measurements. This threshold value was selected based
on the frequency of historica (2000 and 2001) hourly nephelometer PM, 5 readings
exceeading this magnitude at the downtown Pullman air qudity monitoring Ste operated
by the Washington State Department of Ecology (WDOE) (see Table 1). Our previous
study (Jmenez, 2002) aso found alink between these exceedances and vegetative
burning smoke episodes in Pullman. Episode declamation was aided by visua
observations of agriculturd burning smoke plumes that were not upwind of the centrd
ste monitors; current and predicted meteorologica conditions that may favor the
occurrence of an episode; and the WDOE' s daily morning burn cdls for neighboring
regions. This study aso induded asngle-sided blind sham episode (not a smoke

episode) declared during a period of relatively low PM 5 in order to compare the subject
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hedlth effect responses with true episode periods. A declared episode triggered three
consecutive days of intensive hedlth effect monitoring (for more details on the exposure

and hedlth assessments, see Wu et d., 2005; Sullivan et al., 2005).

2.2.4. Quality control

Field blanks and duplicates were deployed so that they comprised at least 10% of
thetotal Hl, 5 ssmple size The precision (1.2 pg m®) and accuracy (3%) of the Hl 5 have
been reported in a previous paper (Liu et a. 2003). Flterswere andyzed for LG in
batches of approximatdy 20 filters. In each baich, two laboratory blanks and 4 spiked
samples (with d’-levoglucosan in the extracts) were analyzed. The overall recovery based
on the spiked sampleswas 75 11%. The andytical precison based on 10-15% of
samples andyzed in duplicate was 24%. Among the 104 samples andyzed for LG, 9
samples were below the limit of detection (LOD ~ 1.4 ng m>) and two samples had fatd
andytica errors (unacceptably low recoveries, failure to derivatize, or chromatographic

interferences).

2.2.5. Data analysis

The collected datafor PM, gaseous pollutants, and particul ate carbonaceous
gpecies at the centrd ste were tested for normaity and non-normaly distributed data
were conformed using the Box-Cox conformation (Box and Cox, 1964). Statisticdl
differences between episode and non-episode periods in pollution levels were tested
using aone-talled two-sample t-test. Source apportioned PM 5 mass concentrations

(described below) were aso compared between the episode and non-episode periods.
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Data used for source gpportionment analysis were subjected to several congtraints and
consstency checks. HI 5 measurements were compared to those from the TEOM; 5 and to
the recongructed fine mass (RCFM), which is defined as the sum of the individua
components of fine PM fractions from each chemicd andyss, i.e. OC, EC and inorganic

dements (Malm et d., 1994)

RCFM =1.6" [OC] +[EC] +[sulfat€] +[nitrate] +[soil ] +[others] ....... (D]

where the brackets denote mass concentrations (g mi®) of each component. “ Soil”
corresponds to the sum of eements predominately associated with soil (Fe, Al, S, Ca,
and Ti), plus oxygen for the oxidized state of these dements (AL203, SIO, Ca0, FeO,

F6203, TiOz).

Soil =2.20 [Al] +2.49 S]] +1.63Ca] + 2.42[Fe] +1.94Ti] ....(2)

“Others’ represents dl other eements that were andyzed. RCFM was ca culated for dl
12-hour samples based on the XRF and EC/OC results and compared to the observed
HI, 5 mass concentration.

For source apportionment, we used the US EPA’s Chemica Mass Balance
receptor model Verson 8 (CMB) (Watson et d., 2001). The inputs to the CMB model
were the PM, 5 chemical compaosition data, the mass fraction of the chemical speciesin
the source profiles, and the uncertainties of individud species. Chemical species with
large uncertainties have less influence in the solution because in the fitting procedure
they are not welghed as much as those more precisely measured species or unique tracers.

The sources of PM, 5 seected in the CMB mode included airborne dust (soil), vegetative
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burning smoke, secondary sulfate aerosol, vehicular traffic, and cooking fumes. The soil
and sulfate aerosol profiles were derived from the Spokane dust profile (Core et d., 1982)
and a previous source gpportionment study in Spokane (Kim et d., 2003). The vegetative
burning smoke profile was derived from a previous source gpportionment study in
Spokane (Hoffman, 2002) and other documented studies of emission factors for wood
smoke reporting LG (Oros and Simoneit, 2001; Oros and Simoneit, 2001b). We aso
included profiles documented in the receptor model source composition library (U.S.
EPA-450/4-85-002) for vehicular traffic (Cass and McRae, 1981) and cooking fumes
(Hildemann et d., 1991). The chemica tracers considered for modeling were Al, Br, Ca,
Cl, Cu, OC, EC, Fe, K, Mg, S, Si, SO4, Ti, Zn and LG. We excluded other elements with
more than 70% samples below detection limit.

In addition to the CMB modd, we aso gpplied the positive matrix factorization
moded (PMF) for source apportionment. The PMF modd isagtatistica model that adopts
aweighted least- squares approach to solve the factor analysis problem and does not
require prior knowledge of the source profiles (Paatero, 1997). We followed the
procedure of Polissar et d. (2001) and Maykut et a. (2003) to generate the PMF model
inputs and assgn uncertainties to each measurement. We examined both a three-source
(3S) and afour-source (4S) model, and tested various FPEAK parameters, ranging from
-0.8 to 0.8 with increments of 0.1 (Paatero, 1997; Maykut et a., 2003). The ‘Q values
indicated that FPEAK vaues between -0.4 and 0.1 provided the optimum solutions for
both models. After the source contribution factors were determined by PMF, they were
re-scaled by regressing them againg the corresponding PM» s mass concentrations to

obtain both the source-pecific PM2 s mass contributions and mass fraction based source
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profiles. The 4-source PMF modd identified one more source, “others,” in addition to the
three identified by the 3-source PMF modd. However, the use of PMF in this study is
limited by the smal sample size (N=123). When we forced the PMF to produce 4
sources, we artificidly introduced errors. The 3-source PMF model provided results that
were more consistent with the CMB results than the 4-source PMF model, so the 4-

source modd was not andyzed further

23RESULTS & DISCUSSION
2.3.1. Air quality measurements

The TEOM_ 5, TEOM;0, and nephelometer data (September - October 2002) are
shown in Figure 1. During severa episodes, TEOM, 5 measurements spiked above 40
Hg/nT and triggered two episode calls, including the periods of Sept 11-15 during which
two consecutive episode calls were made, and Oct 17-19. Two episodes that were not
declared occurred during Sept 25-26 and Oct 24-26. A sham episode was declared for
Oct 9-11. The TEOM; 5 was not functioning from 9/28 to 10/17, during which period the
nephelometer data was used ingtead. Table 2 summari zes the measurements of PM and
gaseous pollutants (CO,, CO and NOx). The mean PM 1o and PM3 5 levelswere 40.5
+38.8, 13.6 +9.4 (TEOM), and 11.3 +7.9 ug m> (nephelometer), respectively, with
TEOM, 5 exceading 40 ug m> for 38 30-min periods, while the nephelometer recorded 9
30-min periods exceeding 40 pg m>. The discrepancy in pesk values between TEOM 5
and nephelometer is discussed later. Note that there were only 4 exceedances recorded by
the nephelometer located near downtown Pullman (Table 1). The differencein the

number of exceedances between the downtown and WSU sites could be due partidly to
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the spetia variation. The DOE Site was located in aresidentid area (~ 1 km away from
the WSU ste) with less vehicular traffic and facing a different direction relative to our
centrd Ste. The DOE dte was aso dightly higher than the WSU site, which may result
in lower concentrations (Wu et d., 2005).

Table 3 summarizesthe 12-h integrated PM, 5, OC, EC, LG, and trace element
concentrations. The mean nighttime values were higher than the daytime vaues for PM» s
(p<0.01), LG (p<0.01) and for Si, Al, S, Ca, K and Mg (p<0.01). These differences could
be due to the effect of nighttime inversons with limited vertical mixing and/or nighttime
resdentia wood burning. However, based on the 2000 census data, there were only 30
(0.3%) homes in Pullman using wood as a heating source. The regresson analyss
between RCFM and Hl. 5 (intercept= 0.31, slope= 0.93, R?= 0.89, N= 123) showed a
good consistency between the reconstructed PM» 5 and the actud gravimetric PM3 5 mass
concentrations. Our LG measurements (mean= 74 ng m>, range 2-327 ng n°) were
comparable to measurements obtained in Isradl, mean ~73 ng m® (Graham et d., 2004)
and higher than those observed in Brazil during rice and sugar cane crop burning, 1.65-
7.45 ng/n (Santos et al., 2004) and 0.15-28.42 ng m® (Santos et al., 2002), and Nigeria,
0.04-3.3 ng/nT (Stanley and Simoneit, 1990; Simoneit et d., 1988). However, our
observations were lower than those detected in U.S. urban areas, 280-4860 ng m> and
200-1200 ng m® (Simoneit et a., 1993; Simoneit et d., 1999; Nolte et a., 2002; Fraser
and Lakshmanan, 2000), and far below those observed during severe episodes of biomass
smoke pollution from agriculturd dash and burning in Southeast Asia, 1400-40240 ng

3 (Radzi Bin Baset d., 2004). To date, there have not been specificaly reported LG
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levels from wheset stubble burning. Thus the differences between our observed LG levels
and others could a'so be due to the type of wood/crops burned.

The correlaions between air pollutants are summarized in Table 4. The Pearson’s
correlation coefficients, which were consistent with the Spearman’ s coefficients were
high for the TEOM;o and TEOM3 5 (r= 0.84), TEOM3 5 and HI 5 (r= 0.82), and Neph and
HIl,.5 (r=0.81). The lower Pearson’s correlation between the 30- minute average Neph and
TEOM, 5 (r= 0.71) was due to the observed low concentrations, shorter averaging time,
and the fact that the aerosol characteristics and the particle scattering efficiency could
differ during these episodes (Liu et d., 2002). The differences found between the
TEOM; 5 and Hl» 5 mass concentration could be due to the higher uncertainties a low
PM 5 concentrations and a possible overestimation on TEOM, s equipped with a URG
cyclone (Moore and McFarland, 1993). During a performance study under different
loading conditions, it was reported that the URG type cyclone had avery shdlow particle
sze selection curve and was likely to overestimate PM2 5 concentrations when sampling
coarse agrosols (Kenny, 1998). With a sgnificant contribution of dust aerosolsin our
study areq, thisinlet artifact may partidly account for the difference found between the
TEOM ;5 and the Hl s.

NOx, OC, and LG were aso correlated with Hl» 5 (r>0.47, p< 0.01), suggesting
that some of the PM 5 was related to vegetative combustion sources. Concentrations of
EC and CO, during episodes were not different from those during non-episode periods
and aso showed the least correlations with other parameters. We did not find a strong
correation (r =0.27, p<0.05) between humidity and PM, nor for wind speed and

apportioned airborne dust (r =-0.37, p<0.05). We had expected contribution of airborne
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dust from adjacent fields and from roads (vehicular traffic) a low relaive humidity and
high wind speed under the right wind direction. This negative correlation between wind
speed and airborne dust showed that not necessarily dl observed dust was suspended in

the air due to the effect of wind.

2.3.2. Sour ce apportionment
CMB model

Figure 2 shows the chemica profiles for the five sources used in the CMB moddl.
LG was used as a unique tracer for vegetative burning smoke to alow for a better
separation from other combustion sources. The average PM, s contribution from airborne
soil was 4.6 pg m (38%); from vegetative burning 4.0 pg m (35%); from sulfate
aerosol 2.2 g m> (20%); from vehicular traffic 0.2 pg mi> (2%); from cooking 0.1 pg
3 (1%); and 0.4 pg m® (4%) from unexplained sources. Table 5 summarizes the average
source contributions to fine aerosol mass concentrations in this sudy and compares our
results with those from a source gpportionment study in Spokane (Kim et d., 2003),
which isalarger city gpproximatedy 120 Kilometers north of Pullman. The average CMB
vegetative burning PM2 s was dightly higher in Spokane than Pullman. However, the
average airborne soil PM» s observed in Pullman was four times larger than that in
Spokane. Thisis probably due to the numerous unpaved roads surrounding Pullman. In
addition, the contribution of PM> s from vehicles was greater in Spokane than in Pullman,
which is consastent with the greater amount of vehicular traffic in Spokane. The average
contribution of sulfate aerosol to PM 5 was Smilar in both cites, suggesting aregiona

source of sulfate aerosol. During the sudy we found asignificant inverse correlation (r= -

23



0.6, p< 0.01) between LG and ambient temperature, which could be due to limited
atmaospheric mixing or more frequent resdential wood burning at lower temperatures.
Note that we could not distinguish LG emitted from resdentia wood burning from thet

emitted by agriculturd burning.

PMF modeling results

The 3-source PMF modd identified vegetative burning, windblown dust, and
secondary sulfate sources, with smilar source profiles (shown as grey barsin Figure 2) to
those used in the CMB andysis. This suggests that the CMB source profiles, which were
compiled from studiesin nearby cities, were suitable for the Pullman airshed. Note that
LG was adgnificant component in only one profile (vegetative burning) in the PMF
modeling results, supporting the use of LG as a unique tracer for vegetative burning. The
source-specific PM2, 5 mass concentrations estimated from the two models (PMF and
CMB) were highly corrdated (p<0.01), with a Pearson’s correlation coefficient of 0.70,
1.00, and 0.88 for vegetative burning, windblown dust, and secondary sulfate
contributions respectively (Figure 3). However, when compared to CMB estimates, the
PMF apportioned PM 5 mass concentrations were cons stently lower (~46% lower) for
vegetative burning and higher for airborne soil (~40% higher) and sulfate aerosol (~70%
higher). This discrepancy could be explained by the dight differences in the rdlaive
proportion of tracersin source profiles resulting from literature values (CMB) and
gatistics (PMF). For further andlysis, we chose the CMB estimates over the 3-source
PMF results due to the sample size condraints for PMF (relatively small size N=123)

(Henry, 2002). Ultimately, the PMF results served as an independent method to further
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confirm the CMB results through the smilarity of source profiles, identification of LG as
aunique tracer for biomass burning, and high correlations of source estimates between

the two methods.

2.3.3. Episodecalls

Table 6 compares pollutant concentrations during episodes (16.8 +8.6 pug m>) vs.
non-episode days (10.5 +8.5 pg ni®), including the sham episode (4.9 +4.0 pg m>). By
definition, the continuous PM observations from the nephel ometer were higher during dl
episodes than those during non-episode days. LG, NOx, CO,, and OC were also higher
during episode than non-episode days, with or without controlling for temperature using
ANOVA. The CMB-egtimated source contributions for episode vs. nortepisode days are
aso shown in Table 6. PM from vegetative burning was sgnificantly higher during
episode days (5.2 ug m) than non-episode days (3.0 pg m®). However, we found a
larger contribution of PM..5 from soil during episode (6.9 pg m®) than non-episode days
(2.8 ug m>). As expected, PM from other sources (secondary sulfate, vehidle, and
cooking) did not differ between episodes and non-episode days.

This study was conducted during the fal dry season, which also experienced
enhanced dugt intruson from nearby roads and adjacent fields upwind of Pullman. Thus,
it was likely that the red-time PM», s measurements were enhanced by both the presence
of arborne soil dust and vegetative burning smoke. Although if an episode declaration
was based solely on the criterion of exceeding athreshold PM. 5 value of 40 pg mi3, the
mass measurements aone could not distinguish the soil from the biomass burning

contribution. We aso andyzed the effects of burn cals and total acreage burned during
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episode vs. non-episode days. These attempts failed because of the difficultiesin
collecting burn cdlsin the region across two states and inaccurate records of acreages
burned. We aso conducted back trgectory anayses to track movement of the air mass

during episodes, but encountered similar difficultiesin locating the exact fidld burn sites

on any specific day.

24 CONCLUSIONS

This study characterized the air qudity in Pullman during the 2002 fdl burning
season. We found that the average PM 5, OC and EC concentrations in Pullman were
very Smilar during the daytime and nighttime, while LG was sgnificantly higher during
the nighttime due to trapping inversons and/or possibly residentia wood burning. Good
correlations between PM» s and NOx aswell aswith OC, LG and HI, 5 suggested that
some of the observed PM 5 originated from combustion sources upwind of the
monitoring Ste.

V egetative burning was found to be the second largest source of PM 5 (35%),
after airborne soil (38%). Our CMB results were consistent with those found previoudy
in Spokane. In addition, the a priori CMB source profiles were Smilar to those identified
by the PMF dgorithm. Furthermore, the source-specific PM2 5 mass concentrations
edimated by CMB were highly correlated with the contributions from the subset of
sources identified by PMF. The PMF results confirmed that the CMB source profiles
compiled from studies in other nearby cities were gpplicable to the Pullman airshed.

In this study, four smoke episodes were identified. LG, NOy, CO,, OC, and

gpportioned biomass burning PM» s were higher during episode compared to non-episode
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days. EC was not considerably elevated during the episode periods. On the other hand,
arborne dust dso showed devated levels during the defined field burning episodes.

PM s measurements aone could not be used to distinguish biomass combustion
contribution from soil contribution during these episodes because the study was

conducted in the dry season with soil enhancement.
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Tablel

Historical PM2 s hourly nephel ometer measurements &t the near downtown Pullman
monitoring Ste operated by the Washington State Department of Ecology.

September - October

Year 2000 Y ear 2001 Y ear 2002
Range of PM,5 Frequency Frequency Frequency
0 < PM,5 < 10 pg/m’ 1113 992 753
10< PM,5 <40 pg/nt 332 117 635
PM_s > 40 pug/n? 13 4 4
Table?2

Summary of datistics for PM and gaseous pollutant observations at the centrd site during

the two-month study period.

TEOMp  TEOM,s  NephPM,s CO NOx CO,
Parameter 3

(ug/n) (g/n?) (ug/n?)  (ppm) (ppb)  (ppm)
Mean 405 136 113 051 349 465
Standard Deviation 38.8 9.4 8.0 056 381 29
25 percentile 16.2 6.8 4.9 009 98 438
Median 28.6 11.4 9.3 032 201 464
75 percentile 51.9 17.8 15.9 071 455 483
Observations (N) 2684 1872 2788 784 2857 2841
Freguenc
equency ] a8 o ] ] ]
PM,s > 40 pug/nt

30-minutes average integration time
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Table3

Summary of gatigicsfor the 12-hour integrated PM» 5 samples a the centra Site during

the two-month study period.

Day Night
Species Mean Median Min  Max N Mean Median Min Max N
THI,s™ 100 9.6 29 219 58 130 113 21 310 59
'oc 3.8 36 11 71 56 3.9 3.77 1.0 78 57
'EC 0.4 0.2 00 33 56 0.5 0.4 00 19 57
LG™ 50 31 2 R7 45 9% 76 3 318 50
’S ** 413 361 20 2088 60 996 967 13 2721 63
Al 137 121 0 692 60 363 313 0 958 63
’s* 252 252 675 60 206 177 62 416 63
*Ca™ 77 71 4 333 60 210 148 0 53 63
2K 83 71 19 254 60 121 118 13 287 63
’Na 46 30 0 315 60 52 20 0 272 63
Mg ** 12 3 0 87 60 33 19 0 186 63
’Ba 6 0 0 4 60 8 0 64 63
’Zn* 6 4 0 28 60 8 0 31 63
°Cl 6 2 0 72 60 7 0 45 63

1Units of mass concentration in pg/n™  2Units of mass concentration in ng/nT

p< 0.01; "p< 0.05
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Table4
Summary of correlation coefficients between PM, NOx, CO», EC, OC and levoglucosan

(LG) observed during the study.

Spearman’s correlation coefficients

TEOM1p TEOM2s5 NephPM,s Hlys CO, NOx oC EC LG

TEOM 14 1 085" 060" 076" 0247 042" 0377 0417 017

TEOM 25 084" 1 0777 079" 017 049" 049" 049" 035
(1699)

NephPM,s 050" 071" 1 079" 013" 044™ 064" 048" 056"
(2607)  (1634)

Hizs 076" 082" 081" 1 002 052" 063" 054" 042"
(116) (70) (110)

CO, 0227 023" 0.16" 0.06 1 032" 002 -006 025
(2585)  (1730) (2549) (116)

NOx 038" 048" 0417 053" 030" 1 025" 056™ 029"
(2588) (1732 (2550) (116)  (2765)

ocC 029" 045" 061" 064™ -007 024" 1 0507 044"
(118) (81) (116) (104) (118) (118)

EC 031" 036" 040" 042" 01 047" o041 1 041"
(118) (81) (116) (116) (117) (118) (118

LG 0.16 0.30" 0617 047" 013 025" 047" 018 1
(95) (62) (93 © @ B (B (9

Pearson’ s correlation coefficients

p< 0.01; *p< 0.05; (N)
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Table5

Summary of average source contributions to fine particle mass concentration found in

Spokane and Pullman.

Average source contribution in
Spokane *Kim et d. (2003)

Average source contribution in Pullman

Mass contribution PMF CMB *PMF
(ug) % (Mg?) % (ugm) %
Vegetative 528+0.14 44 Vegetative 396+0.13 35 181+157 17
burning burning
Airborne soil 101+004 8 Airborne soil 455+003 38 6.20+522 57
Sulfate aerosol 230004 19 Sulfate aerosol 222+006 20 2821214 26
Motor vehicle 1.29+0.04 11 Motor vehicle 019+001 2 - -
Nitrate aerosol 1.04 +0.05 Cooking 0.12 +0.04 - -
Chlarine-rich 0.68 +0.03 Unexplained 042024 4 - -

Metal processing 0.29 £0.01

*The Spokane study was conducted from 1995 through 1997, and PMF was used for

source gpportionment

**PMF estimates and standard deviation, (N=123).
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Table 6
Summary of results comparing (t-test’) air pollution measurements and estimates between

rea episode (regardless of declaration) and nonepisode (including sham) days.

Vaiable All episodes Non episodes
“Mean £SD (N) “"Mean £SD (N)
Neph PM,s (ug/nt) 16.76 8.63 1030 8.79
(1442) (7119)
LG (ng/nt) 106 115 59 70
19 (86)
NO; (ppb) 4233 4331 3394 37.01
(461) (2370)
CO; (ppm) 470 36 463 30
(483) (2362)
OC (pg/n?) 475 194" 314 148
(29) (%9
EC (ug/n?) 059 053" 041 053
(29) (%9
Vegetative burning (ug/nt) 522 296" 297 180
(19) (78)
Airborne soil (ug/nt) 6.92 3.86 283 273
(19) (78)
Sulfate (ug/nt) 241 075" 221 113
(19) (78)
Vehicles (ug/nt) 022 019" 015 0.17
(19) (78)
Cooking (ug/nt) 0.09 0.19 011 0.29
(19) (78)

"t-test gpplied to normally or log-normal distributed data

“origind data
™p<0.01; "p< 0.05
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Dana Hall PM data September 2002

Day
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Figure 1. Continuous 30-min average PM2 5 and PM 1o concentrations measured by

TEOM and nephelometer.
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Vegetative burning
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Figure 2. Source profiles sdlected for CMB and predicted by 3s PMF analysis for the

samples collected a the centrd Ste in Pullman during the two month study.
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Vegetative burning
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Figure 3. Correlation between CMB and PMF 3S apportionment for the mgjor sources of
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Developing a Sour ce Finger print for Burning of Wheat and Kentucky Bluegrass
Stubblein Eastern Washington and Northern Idaho
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ABSTRACT

Air quality in eastern Washington is compromised by various pollution sources,
of which agriculturd field burning smokeis a particular concern. Large amounts of
particulate matter are released into the ar in ardaively short period of time when
agricultural resdues of wheat and Kentucky bluegrass (KBG) are burned. Smoke from
fied burning is a nuisance to nearby communities and is a concern for heath reasons.
The purpose of this study was to eva uate levoglucosan and lignin pyrolysis products as
potentid tracers for gpportioning PM pollution from wheat and KBG stubble smoke.
PM, 5 (particul ate matter less than 2.5 pm in aerodynamic diameter) samples from whest
and KBG stubble smoke were collected from controlled chamber burns, aswell as from
fiedd burnsin the region. These were anayzed for inorganic and organic compounds,
including levoglucosan (LG) and 19 methoxyphenols (MPs). For the chamber
experiments, the amount of LG, ~23 pg mg'™ of PM..s, found in wheat and KBG stubble
smoke was rdatively smilar, while the amount of total MPs was higher in whegat subble
smoke compared to the KBG smoke. In the field, the amount of LG present in whesat
stubble smoke was ~78 g mg™* of PM_ s, gpproximately four times higher than the levels
found in the chamber. Trace dements associated with soil minerds (S, AL, Fe, Ca) were
found in smoke samples collected from wheet stubble burning in the fied.
Syringadehyde, acetosyringone and coniferyladehyde were found to be the most
prominent particle-phase MPs in wheat smoke, and these compounds were not ways
present in detectable amounts in KBG smoke. Theratio of LG/ syringadehyde found in
whest (~80) was much higher than the same ratio reported for hardwood (~5). Softwoods

have alower LG/ coniferyladenyde ratio (~7) compared to wheat stubble smoke (~180).
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3.1INTRODUCTION

In the past decade, agriculturd field burning has been the subject of anaysis and
public debate in eastern Washington and northern Idaho. As wheat and Kentucky
bluegrass (KGB) farmers prepare their fieds for seeding, some of their practicesinvolve
the use of fire, and citizens have voiced hedlth concerns related to smoke exposure, as
well as potentidly negative impacts on tourism and economic activitiesin the area
(Roberts and Corkill, 1998; Jmenez 2002).

Biomass smoke includes both vapor and particulate phase materid, with much of
the particulate matter (PM) in the PM2.5 (PM lessthan 2.5 um in aerodynamic diameter)
gzerange. PM in biomass burning smoke can have a potentidly detrimenta impact on
human health from both chronic and acute exposures. Chronic exposure to biomass
smoke could reduce lung function, depress the immune system, and increase the risk of
respiratory diseases (Long et d., 1998; Sutherland and Martin, 2003; Sutherland, 2004).
Short-term exposure to high levels of PM» 5 result in acute hedth effectsin susceptible
people, including chronic obstructive pulmonary disease (COPD) patients, and asthmeatic
children (Romieu et al., 1996; Pekkanen et d., 1997; Peters et al., 1997). Clearly, asthe
population in eastern Washington and northern Idaho continues to grow, there isaneed
for an improved understanding of the extent of air pollution from agriculturd field
burning in the region.

In addition to smoke from agricultura field burning, eastern Washington, a semi-
arid region, can have sgnificant levels of PM from avariety of sources. These sources
include fugitive dust from roads and fields (Claiborn et d., 2000; Kim et al., 2003,

Jmenez et d., 2006), and regiona forest fires (Jmenez, 2002). Receptor models can be
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used for identifying and apportioning smoke from agricultura fied burning among other
sources of PM affecting the region. They use chemica and physical characteristics of PM
to both identify and quantify source contributions at any given location (Schauer et d.,
1996; Turn, 1997; Schauer et d., 2000; Jmenez et d., 2006). This technique can be used
to gpportion ar pollution from field burning in the populated areas of eastern Washington
and northern ldaho.

Major compound groups identified in smoke particles emitted during biomass
combustion of severa plant species have been reported elsewhere (Hawthorne et d.,
1988; Edye and Richards, 1991; Oros and Simoneit, 1999, Oros and Simoneit, 2001; Fine
et a., 2001; Fineet a., 2002; Sheedey et d., 2003; Hays et d., 2005). They consist of
natura and combustion dteration products, whose emissions vary by plant species. These
compounds include homologous series of n-alkanes, n-alkenes, n-alkanoic acids and n-
akanols, methoxyphenolics from lignin, monosaccharide derivates from cdlulose,
steroids and terpenoids markers and polycyclic aromatic hydrocarbons (PAHS).

Cdlulose pyrolysis yields tarry anhydro sugars and volatile organic compounds,
which includes the molecular tracer 1,6-anhydro-b - D-glucopyranose, commonly known
as levoglucosan (LG). LG has been reported to be present in the particle-phasein
measurable amounts and is relatively stable in the atmosphere showing no decay over 8
hours of exposure to ambient conditions and sunlight (Simoneit, 2002). In addition, lignin
pyrolysis products are important compounds in smoke samples from biomass combustion
(Simoneit et d, 2000). The relative proportion of some of these has been used to
distinguish wood smoke derived from hardwood versus softwood combustion. It is

possible that smilar diagnogtic ratios may be used to distinguish resdentiad wood
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combustion from agricultural burning smoke or to identify PM from combustion of wheat
and bluegrass stubble. However, rdative emissions of organic tracers for smoke from
these crop residues have not been thoroughly reported in the literature.

The objectives of this research were to identify and quantify emissons and
relative proportions of trace compounds present in smoke from combustion of whesat and
bluegrass stubble in eastern Washington and northern 1daho and to evauate levoglucosan
and 19 methoxyphenols (MPs) as potentia tracers for characterizing wheat and KBG
stubble smoke. For this purpose we collected and andyzed PM 5 samples from whesat
and KBG stubble smoke from controlled conditions (chamber), aswell asfrom
prescribed field burnsin the region. In addition, this sudy compares the experimentaly
determined profiles with profiles used in a recent source gpportionment study in Pullman,

WA (Jmenez et d., 2006).

32METHODS

Wheat (Triticum aestivum L., variety Madsen) and KBG (Poa pratensisL.)
stubble were burned under controlled (chamber experiments) and red world conditions
(field experiments), for the purpose of obtaining PM» s samples for andysis and
identification of selected organic and inorganic tracers. Chamber experiments were
conducted in the summer of 2004 at the EPA test burn facility located at the Research
Triangle Park, North Carolina. The wheat or bluegrass stubble was oriented as near as
possible to that found in the fied during the burn (~0.8 kg per burn). The burn’s flaming
deage typicdly lasted 1-2 min and was followed by a smoldering stage of approximeately

15 min (see Dhammapada et ., 2006 for more detalls).
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Field samples from wheat and KBG stubble burns were collected during the fall
of 2004 and spring of 2005. PM .5 samples were collected from samplers deployed at the

edge of thefidd a ground levd, downwind of the fire.

3.2.1. Particle collection and analysis

PM,.5 samples were collected using collocated 5 L min™ low volume (LowVols)
samplers (Air Metrics Inc., Eugene, OR) equipped with sngle-stage inertid PM 5 inlets.
Two LowVols sampled PM> 5 onto 47-mm Teflon filters (2 um pore size, cat. No 7592-
104, Whatman Inc., Clifton, NJ), one with a quartz filter (cat. No 1851047, Whatman
Inc., Clifton, NJ) after the Teflon, and athird sampler collected PM» s onto a quartz filter.
Field experimentsincluded a smilar set of samples collected upwind of the burning area
to correct for pre-existing (background) conditions. A smilar correction was applied to
the smoke samples collected in the chamber experiments from a blank run (no fire
involved), which was done at the end of the cycle of burns. In addition, polyurethane
foam (PUF) sheets were used behind Teflon filters to collect vapor- phase organic
compounds including polycyclic aromatic hydrocarbons (PAHs) and methoxyphenols
(MPs). The results of this analysis are reported in Dhammapaa et d. (2006a, 2006b).

PM s collected on the Teflon mediawas andyzed gravimetricdly to determine
PM, 5 concentration by using a microbaance (mode C-34, Cahn Instruments, CA, USA).
Filters were equilibrated at a constant temperature (24+2°C) and relative humidity
(50+5%) for at least 24 hours prior to weighing (Allen et d., 2001). In addition, Teflon
filters were andyzed for 55 dements using X-Ray Fuorescence (XRF) (Chester LabNet,

Tigard, Oregon). Sections of the PM collected on quartz filters (1.5 cn?) were analyzed
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for organic carbon (OC) and dementd carbon (EC) via Therma Opticad Transmittance
(TOT) (Sunset Laboratory, Inc. Tigard, OR) using a modified version of the NIOSH 5040
method (Pang et d., 2002) to determine the carbonaceous fractions of the PM 5 collected
from smoke. The duplicate Teflon filters were extracted by ultrasonication in ethylacetate
containing 0.5% (v/v) triethylamine and analyzed for LG and 19 MPs using Gas
Chromatography - Mass Spectrometry (GC-MS). The GC-MS was operated in selective
ion monitoring mode (refer to Smpson et d., 2004 and Simpson et a., 2005 for more
details about the method). Samples were dso andyzed for PAHs and the results are

reported elsewhere (Dhammapda et a., 2006b).

3.2.2. Quality assurance

The results of the andlysis (gravimetric, TOT, XRF and GC-MYS) of the PM, 5
samples from smoke were subject to blank corrections and consistency checks with
duplicates to determine uncertainties associated with measurements. Quartz filters were
pre-heated at 800 °C for at least 8 hours to iminate any contamination prior to PM
collection. Artifact corrections were gpplied to account for vapor-phase OC (SVOC)
absorbed into the quartz filter. This correction was done by subtracting the back (after
Teflon) quartz filter OC from the OC obtained from the single quartz filter (Fitz, 1990;
Turpin et d., 1994). Blank filters were extracted with each batch of samples. Andyte
levelsin extracts from blank filters were either below detection limits, or were well
below andyte levels measured in the samples.

Recongructed fine mass [RCFM: defined as the sum of the individua

components of fine PM from each chemicd andyss, i.e. OC, EC and inorganic elements

52



(Mam et al., 1994)] was cdculated from the chemica composition anadlysis and
compared to PM> 5 concentration estimated gravimetricdly to determine if the

composition information explains the totd PM 5 collected in each set of experiments.

3.3RESULTSAND DISCUSSIONS
3.3.1. Chamber experiments

The breakdown of the mgor congtituents of PM> 5 from smoke of KBG and whesat
in the chamber experimentsis shown in Figure 1. OC mass was converted to particulate
organic matter (POM) by multiplying by afactor that accounts for hydrogen, oxygen and
some nitrogen content present in the organics. Vaues of 1.2 to 1.4 have been reported for
atmospheric aerosols (Gray et d., 1986; Mam et a., 1994), and may be higher depending
on the amount of oxygenated organic compounds present in the sample (Fineet d.,
2001). In our analysis, we consider a scale factor of 1.4 to convert the measured OC to
POM. The reconstructed mass (POM-+EC+metals) obtained from the ensembl e of
analyses was compared to the PM> 5 determined gravimetricdly. Figure 1 illusrates this
comparison for the smoke PM samples collected in the chamber, where 71+19% (KBG)
and 100+14% (whest) of the PM» 5 mass were explained by the RCFM approach.

The relative emissons of OC, EC, and trace elements from the combustion of
wheat and KBG stubble in the chamber experiments are listed in Table 1. The PM2 5
emission factors were 3.0+0.6 g kg* of fud for wheat, and 12.1+1.4 g kg'* of fud for
KBG burned in the chamber. For more details about PAHs and MPs emission factors and
combustion efficiencies refer to Dhammapaa et d. (2006). These emission factors of

PM 5 were rlaively smilar to those documented for hardwood and softwood
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combustion of selected species commonly used in fireplacesin the eastern U.S. (Fine et
al., 2001; 2002). In addition, the results listed in Table 1 indicate that the mgority of the
PM » 5 mass found in the smoke was made of organic compounds (OC) (POM ~64%
wheat and ~52% for KBG, respectively), followed by EC, potassum (K), and chlorine
(Cl). Potassium, commonly used as atracer for biomass burning (Echadar et d., 1995),
was found to be approximately 10 wt% of the totd PM» 5 from wheat stubble smoke and
6 wt% for KBG in the chamber experiments.

The relative amounts of the selected organic markers found in wheat and KBG
stubble smoke in the chamber experiments are listed in Table 2. LG was the most
abundant of the analyzed organic compounds accounting for ~2% of the PM; 5 mass
emitted during the combustion of the stubble, and was dightly higher in KBG compared
to whest stubble smoke. These vaues were congstent with asimilar study reporting
vaues of LG for wheat residue smoke (see Table 5, Hays et d., 2005), but were much
lower than the LG content found in smoke from hardwood combustion (Fine et a., 2001;
2002). In addition, the amounts of M Ps were much higher in PM2 s from whest stubble
smoke (6.3+2.7 pg mg* PM2.5) compared to the KBG smoke (1.0+0.5 ug mg™* PM. s),
and were much lower than smilar groups of compounds found in smoke from hardwood

burning (~20-80 ug mg* PM, s, Fine et al., 2001; 2002).



3.3.2. Field experiments

Figure 2 shows the breakdown of the mgjor congtituents of PM> s found in whest
and KBG stubble smoke collected in the field. The PM2 s emission factorsin the field
were 8.3+4.4 g kg fuel for wheat and 22.4+0.2 g kg'* fud for KBG stubble burning
[refer to Dhammapala et d. (2006b) for more details about emission factor calculations
for the field]. The RCFM for the PM> 5 fidld samples explained 54+12% for wheat and
36+16% for KBG stubble burning, which were lower than the explained mass for the
PM .5 samples collected in the chamber experiments (Figure 1). Note that the PM 5
samples collected from field burning of KBG were not anayzed for inorganic tracers (see
Figure 2), but the low percent of mass explained for the PM» s samples from KBG stubble
smoke is not likely to be caused soldy by the missing inorganic massinformation. The
sum of al analyzed inorganic tracers for wheat smoke were less than 3 %owt of the PM, 5
mess collected in the field. In the chamber experiments the amounts of metals present in
smoke from KBG stubble were lower than the amount found in whegt stubble smoke
(Table 1).

The emissons of EC, OC, and trace metals found in stubble smoke collected in
the fidld are summarized in Table 3. Like the PM, 5 smoke samples collected in the
chamber experiments, the PM» 5 smoke samples from the fidd mainly conssted of
organic compounds (POM ~47% wheat and ~33% for KBG, respectively). The amounts
of potassium (7.5+1.4 pg mg™* PM ), and chloride (2.4+1.1 pg mg™* PM..5) were more
than ten times lower (<1 wt%) in the field for wheet than Smilar parameters measured in
the chamber experiments (see Table 1). Furthermore, trace elements predominantly

associated with soil (Mam et d., 1994), were found in the smoke samples collected from
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wheat stubble smoke in thefield. Smdl amounts of silicon (Si), cacium (Ca), iron (Fe),
and duminum (Al) indicate that soil materid (with less than 3% contribution to the total
observed PM 5) may be suspended by the buoyancy of the fire and/or the farming
equipment working in the fied during the prescribed burn.

The sdlected organic markers for wheat and KBG stubble combustion in the field
areliged in Table 4. LG was dso the most abundant organic compound measured,
accounting for ~8% of the PM», 5 mass collected from wheet stubble smoke. The relative
amounts of LG in the field were higher than those measured in the chamber experiment
for wheat combustion. Conversdly, the emisson of LG from KBG in the fiedd was less
than 1% of the total PM>.5 massin smoke.

For KBG burning, the higher emissions of LG found in the chamber smoke
samples compared to field samples could be due to the condition of residue combusted.
The resdud plant materia combusted in the KBG fidds (non-irrigated) were mainly
scattered patches of short stubble and newly growing grass, which smoldered without a
vigorous flame. In the chamber experiments, the KBG materid combusted was mainly
the excess of residue removed from the fidd (irrigated fields), which included more
stems and woody plant material.

The amount of MPsin the PM 5 samples collected in the field was dso higher in
wheat stubble smoke (3.2£0.6 mgmg* PM 5) compared to the KBG smoke (0.9+0.2 ny
mg* PM25). However, the rdative proportion of the MPs found in the field samples
collected from whest were lower than smilar compounds measured in PM3 5 samplesin
the chamber, with the exception of two syringol compounds (syringaldehyde and

acetosyringone) that were higher in the field samples compared to chamber samples. The
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lower relative proportions of the methoxyphenols in smoke collected in the fidd
compared to the chamber experiments were not anticipated. One possible explanation
may be enhanced voldtilization of methoxyphenols from particlesin the field experiment.

Additionaly, photochemica degradation and transformation of methoxyphenols
has been previoudy reported (Hawthorne et d., 1992). In astudy in Minnegplois, MN,
Hawthorne noted that the relative amounts of syringa dehyde and acetosyringone were
enhanced in ambient PM samples compared to PM collected directly from fireplace
chimneys. The authors speculated that this enhancement may de due to oxidetive
transformation of other syringyl-type MPs into syringaldehyde and acetosyringone. A
gmilar mechanism may explain our observation of an gpparent increase in the relive
concentrations of syringadehyde and acetosyringone in the field samples compared to
the chamber samples, while rdative concentrations of the other syringyl derivatives were
reduced.

Coniferylddehyde, syringadehyde and acetosyringone were found to be the most
prominent particle- phase tracers for wheat smoke among the methoxyphenols andlyzed in
thiswork. Reported vauesfor OC, EC, LG and MPs content in smoke from combustion
of different types of plant materid are summarized in Table 5. In comparison with
softwoods, hardwood smoke, such as red maple, is enriched with syringyl-type
methoxyphenols. In addition, hardwood smoke contains higher amounts of levoglucosan,
coniferyladehyde, syringa dehyde and acetosyringone compared to the amounts found in
wheat. However, the ratio of LG/ syringadehyde found in wheat was much higher (~80,
based on Table 4) than the same ratio reported for hardwood (~5) (Fine et a., 2001; Fine

et d., 2002; Hays et d., 2002). Smilarly, smoke from softwood has alow ratio (~7) of
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LG/ coniferylaldehyde compared to wheat stubble smoke (~180, based on Table 4) dueto

its higher content of coniferylddehydein proportionto LG.

3.3.3. Profile comparison with previous work

Figure 3 shows the relative proportion of tracers found for wheat and KBG in this
work, compared with the profiles salected for our previous source apportionments study
in eastern Washington. The latter sudy was conducted in Pullman, WA during the
prescribed field burning season of the fal 2002 (refer to Jmenez et d., 2006 for more
details about the latter study). That particular study used a combination of two receptor
modds (CMB and PMF) to estimate smoke intrusions from agricultura field burning on
the observed PM 5 mass concentrations. The modeling effort included a composite of
vegetative burning smoke profile (CMB), and a Satigticaly determined profile for
regiond fied burning from Pogtive Matrix Factorization (PMF) modeling. Note from
Figure 3 that the profiles for wheat and KBG determined in thiswork resemble the
profiles used in this previous study, in particular, the relative proportion of LG, OC, EC,
K, Cl, and S. In addition, the relative proportion of other trace metas, which are more
predominant in the soil (Al, Ca, and Fe), dso compared well for the profiles determined
inthefidd. The inclusion of more specific types of organic tracers, such aslignin
pyroliss products, would further facilitate the characterization and gpportionment of

smoke from agriculturd fid burning in the region.
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34 CONCLUSON

In thiswork, we identified and quantified emissons and relative proportions of
trace dements and organic compounds present in PM» s from smoke of wheat and
Kentucky bluegrass crop residues in eastern Washington and northern Idaho. It was
found from the chamber experiments that the relative amount of LG in PM3 5 from wheat
and KBG stubble smoke was similar (20 —25 pg mg'* of PM s), while the amount of total
MPs was more than twice in wheat stubble smoke than in KBG smoke. The analyzed
inorganic tracersin the chamber experiments were higher in PM 5 from wheat smoke
compared with KBG smoke. Potassium and chlorine were predominant, and accounted
for 18+4 % of the PM; 5 mass in whesat smoke and 9+1% in KBG smoke. However, in the
samples collected in the fidld during the spring, wheat stubble smoke exhibited a much
lower contribution of inorganic tracers (<2% of PM .5 mass) and we did not have
information regarding inorganic species present in fiedld smoke from KBG stubble
burning. Among the MPs andyzed in this work, syringaldehyde, acetosyringone and
coniferyla dehyde were found to be the most prominent particle- phase tracers for whesat
smoke, and these compounds were not away's present in detectable amountsin KBG
smoke. Additiondly, the LG/ syringadehyde ratio found in wheet was much higher than
that reported for hardwood smoke, and the LG/ coniferylddehyde ratio found in wheet
stubble smoke was much higher than that reported for softwood smoke.

Finaly, thiswork improves previous profiles for smoke from cered crop waste
that have been used in source gpportionment studies in eastern Washington by induding
more specific types of organic tracers such as methoxyphenols. These profiles can be

used in receptor models (CMB) to improve our current understanding of air qudity
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impacts from agricultura field burning in the populated areas of this region, and could
provide subgtantia information for short and long-term studies on community exposure
to pollution from agriculturd field burning. Thisinformation could aso help in
developing future control strategies for field burning management and air quality

improvement.
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Tablel

Summary of carbonaceous fractions and trace inorganic eements composition from

combustion of wheat and Kentucky bluegrass (KBG) stubble in chamber experiments.

Carbonaceous
fractions

EC

oC

OcC1

ocC2

OC3

OocC4

PyroC

Trace dements”
Potassum
Chlorine
Sulfur
Sodium
Bromide

Wheat

KBG

Fine particulate matter emission factors, g PM, 5 kg™ fue

3.0£0.6%

12.1+1.4°

Unitsof ug mg* PM2.5+SD

(N=3)

142.0+25.1
459.8+39.5
67.7+23.6
135.1+57.5
51.9+17.7
47.0+24.5
115.2+28.1

(N=2)
95.0+31.5
87.4+24.5

7.5+2.2
5.5+0.1
0.3:0.1

(N=4)

67.4+34.5
368.9+97.6
61.1+16.5

169.2+21.4
33.6+14.7

36.1+22.2

68.2+25.6

(N=2)
63.1+9.8
34.0£7.4

9.5+0.8
2.3t13
0.2+0.0

%For more detail about emission factor calculations refer to Dhammapaaet d. (2006)
PThe following eements were below detection or lessthan blanks; Mg, La, In, Fe, Cr, Zn,
Zr,Ni, Al, Si, P, Ca, Ti, V, Mn, Co, Cu, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Pd, Ag, Cd, Sn,

Sh, Ba, Hg, Pb

N= number of samples, SD= standard deviation
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Table?2

Summary of levoglucosan and methoxyphenols content in the PM 5 collected from

smoke during combustion of wheat and Kentucky bluegrass (KBG) stubble in chamber

experiments.

Levoglucosan

Guaiacol

Eugenol
4-methylguaiacol
4-ethylguaiacol
4-propylguaiacol
Vanillin
Acetovanillone
Guaiacylacetone
Coniferylaldehyde

Sum guaiacy!
compounds

Syringol
4-methylsyringol
4-ethylsyringol
4-Allylsyringol
4-propylsyringol
Syringaldehyde
Acetosyringone
Propylsyringone
Butylsyringone
Sinapylaldehyde

Sum syringy!
compounds

Wheat KBG
LgMg™ PMps+SD  gmg™ OC+SD  pgmg™ PM,s+SD  pgmg™ OC+SD
(N=3) (N=3)
Sugar derivatives

19.95+6.50 43.38+14.61 25.96+18.67 70.37+53.93

(N=4) (N=4)

Guaiacol and substituted guaiacols
0.13+0.21 0.29+0.45 0.04+0.07 0.11+0.20
0.09+0.16 0.20+0.34 0.09+0.15 0.24+041
0.07+0.09 0.14+0.20 0.01+0.01 0.02+0.02
0.19+0.32 0.41+0.70 0.03+0.04 0.07+0.12
0.06+0.09 0.14+0.19 0.02+0.03 0.05+0.09
0.14+0.04 0.31+0.10 0.24+0.27 0.65+£0.73
0.28+0.46 0.62£1.01 0.08+0.10 0.22+0.28
0.58+0.93 1.25+2.02 0.14+0.22 0.38+0.61
1.06£0.84 231+181 0.03+0.03 0.07+0.08
2.61+1.40 5.67+3.05 0.67+0.40 181+1.12
Syringol and substituted syringols
0.82+1.42 1.79+3.09 0.07+0.09 0.18+0.24
0.47+0.81 1.03+1.76 0.11+0.17 0.30£0.47
110+154 2.39+3.35 0.03+0.02 0.07+0.06
0.26+0.35 0.58+0.76 0.10+0.14 0.26+0.38
0.05+0.08 0.10+0.17 0.02+0.03 0.06+0.10
0.46+0.26 0.99+0.57 ND ND
0.38+0.37 0.82+0.80 ND ND
0.09+0.11 0.20+0.24 0.03+0.01 0.07+0.02
0.02+0.03 0.05+0.07 <0.01 <0.01
ND ND ND ND

3.66+2.32 7.96+5.06 0.28+0.24 0.95+0.66

N= number of samples, SD= standard deviation

ND= non detected or below blank values
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Table3
Summary of carbonaceous fractions and trace inorganic eements composition from

combustion of wheat stubblein the fidd.

Wheat KBG

Fine particulate matter emission factors, g PM,s kg™ fuel

8.3+4.4° 22.4+0.2°

Units of ug mg™* PM,5+SD

Carbonaceous fractions (N=6) (N=2)
EC 20.0+11.7 34.2+15.0
oC 338.8+65.5 233.3+100.1

OC1 72.7+£34.0 23.0+14.2
0ocC2 87.6£16.8 89.8+41.7
0OC3 43.8+6.2 49.7+6.4
Ooc4 47.8+41.5 15.0+1.0
Pyro C 86.9+26.5 55.8+1.8

Trace elements’ (N=5) (N=0)
Potassium 7514 -
“Silicon 5.0+£3.3 -
Chlorine 24+1.1 -
‘Cacium 2.4+2.6 -
Sulfur 2.3:0.3 -
“Iron 1.9+1.1 -
Magnesium 1.1+£0.7 -
‘Aluminum 0.5+0.3 -

N= number of samples, SD= standard deviation

Trace dements not andyzed for PM> 5 from KBG stubble burning in the fidd.

®For more detail about emission factor calculations refer to Dhammapala et d. (2006b)

PThe following elements were below detection or less than blanks; Na, La, In, Br, Cr, Zn,
Zr, Ni, P, Ti, V, Mn, Co, Cu, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Pd, Ag, Cd, Sn, Sb, Ba, Hg,
Pb.

“Elements predominately associated with soil.
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Table4

Summary of levoglucosan and methoxyphenols content in the PM 5 collected from
smoke during prescribed field burning of wheat and Kentucky bluegrass (KBG) in the

region.

Levoglucosan

Guaiacol

Eugenol
4-methylguaiacol
4-ethylguaiacol
4-propylguaiacol
Vanillin
Acetovanillone
Guaiacylacetone
Coniferylaldehyde

Sum guaiacy!
compounds

Syringol
4-methylsyringol
4-ethylsyringol
4-Allylsyringol
4-propylsyringol
Syringaldehyde
Acetosyringone
Propylsyringone
Butylsyringone
Sinapylaldehyde

Sum syringyl
compounds

Wheat KBG
LMY PM,s+SD  pgmgt OC+SD  pgmg™* PMps+SD  pgmg™ OC+SD
(N=6) (N=2)
Sugar derivatives
77.79£11.29 229.59+55.49 7.88+5.96 33.77+29.37
(N=6) (N=2)
Guaiacol and substituted guaiacols
0.10+0.06 0.30+0.18 0.04+0.01 0.17+0.08
0.02+0.02 0.04+0.02 0.01+0.00 0.03+0.02
0.07+0.08 0.20+0.25 0.01+0.00 0.03+0.01
0.02+0.02 0.06:£0.06 ND ND
ND ND ND ND
0.12+0.03 0.35+0.12 0.19+0.11 0.79+0.57
0.06+0.04 0.17+0.13 0.01+0.00 0.03+0.02
0.10+0.07 0.29+0.20 0.01+0.00 0.03+0.02
0.43+0.07 1.26+0.31 0.17+0.06 0.73+0.40
0.90+0.15 267+0.52 044+0.12 1.81+0.70
Syringol and substituted syringols
0.08+0.10 0.22+0.30 <0.01 0.01+0.01
0.04+0.03 0.12+0.08 ND ND
0.03+0.02 0.10£0.06 ND ND
0.03+0.02 0.08+0.05 ND ND
0.03+0.04 0.08+0.10 ND ND
1.00£0.32 2.96+1.09 0.15+0.12 0.64+0.58
0.59+0.08 1.74+0.42 ND ND
0.07+0.01 0.20£0.05 <0.01 0.02+0.01
ND ND ND ND
0.48+0.42 141+1.26 0.37£0.11 1.59+0.81
2.34+0.54 6.90+1.75 0.52+0.16 2.26+1.00

N= number of samples, SD= standard deviation

ND= non detected or below blank values
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Table5
Summary of trace eements and organic compounds present in PM from smoke reported for severa types of biomass fudls.

Hayset al., 2005 Wardetd., 2006 Sheedley et a., 2003 Fineetd., 2001 Hayset a., 2002
Wildfires Eastern Western
pugmg ™ PM, s Wheat straw  Rice straw Missoula, MT Rice straw Red maple white pine hemlock Foliar debris?
Carbonaceous fractions
oC 261.2+6.4 690.3+32.4 649.1+50.9 563+30 855+58 73416 714.3£52.1 709.6
EC 110.4+0.8 13131 62.1+18.9 11.0£2.2 67119 313+28 35.7£9.2 147
Sugar derivatives
Levoglucosan 26.1+1.5 87.3t4.6 40.6+£12.2 18.3£35 92.8+6.3 384+33 31824 282
Guaiacol and substituted guaiacols
Guaiacol 0.01+0.00 0.03+0.00 N/A 0.05+0.00 0.02+0.01 0.03
Eugenol <0.01 0.01+0.00 N/A 0.06+0.00 0.06+0.00 <0.01 0.02
4-methylguaiacol N/A N/A N/A 0.060.01+ N/A N/A 0.02+0.01 0.02
4-ethylguaiacol <0.01 0.01+0.00 N/A 0.18+0.03 0.02+0.00 0.04+0.00 0.01+0.00 0.02
4-propylguaiacol <0.01 <0.01 N/A 0.04+0.00 N/A N/A
Vanillin 0.06+0.00 0.42+0.02 0.11+0.05 2.77+0.08 3.79+0.33 0.77+0.60 175
Acetovanillone 0.03+0.00 0.27+0.01 0.04+0.02 0.83+0.20 1.39+0.09 2.19+0.19 174047 273
Guaiacylacetone 0.08+0.01 0.51+0.03 0.03+0.01 3.72+0.25 3.26+0.28 0.73:0.03 0.91
Coniferylaldehyde N/A N/A 0.14+0.09 2.70+0.70 11.73+0.80 541+0.47 4.84+1.14 5.75
Syringol and substituted syringols

Syringol 0.01+0.00 0.15+0.01 N/A 551+1.40 0.60+0.04 0.36
4-methylsyringol N/A N/A N/A 2.91+0.73 N/A N/A 0.86
4-ethylsyringol 0.02+0.00 0.12+0.01 N/A 3.82+0.97 2.37+0.16 0.10+0.01 N/A N/A
4-Allylsyringol N/A N/A N/A 0.99+0.25 N/A N/A N/A N/A
4-propylsyringol 0.01+0.00 0.05+0.00 N/A 1.18+0.30 205+0.14 0.04+0.00 N/A N/A
Syringaldehyde 0.23+0.05 0.46+0.02 0.02+0.01 1.76+£0.45 23.10+1.57 1.73£0.15 0.78
Acetosyringone 0.26+0.03 0.81+0.04 N/A 1.46+0.23 6.16+0.42 0.42+0.04 0.65
Propylsyringone N/A N/A N/A N/A N/A N/A N/A N/A
Butylsyringone N/A N/A N/A N/A N/A N/A N/A N/A
Sinapylaldehyde 0.13+0.03 <0.01 N/A 6.41+0.43 0.16+0.01

AWiregrass' longleaf pine (Ocala National Forest, FL)
N/A compound not reported
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Chamber experiments
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Figure 1. Mgor congtituents found in PM> s from smoke of wheat and KBG stubble
burning in chamber experiments. Transparent bar illudirates the gravimetricaly

determined PM . 5 mass, and POM mass was estimated using a scae factor of 1.4.
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Field experiments
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Figure 2. Mgor condtituents found in PM2 s smoke from field burning of whest and KBG
subble inthe fal of 2004 and spring of 2005. KBG smoke samples were only collected
inthefdl of 2004, and no tracer elements were andyzed from these smoke PM samples.
Transparent bar illugtrates the gravimetricadly determined PM» s mass, and POM mass

was estimated using a scae factor of 1.4.
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Chamber determined profiles for wheat and KBG stubble smoke
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Field determined profile for wheat and KBG stubble smoke
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Figure 3. Comparison between the experimentally determined smoke profiles from
wheet and KBG stubble burning with the vegetative burning profiles used in a source
gpportionment study in eastern Washington (Jdmenez et d., 2006). This study used two
models, which included a composite of vegetative burning profile (CMB model) and a
datigticaly determined profile (PMF modd) to resemble smoke from regiond
agriculturd fidd burning.
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ABSTRACT

In this study, a correction was developed for the agthalometer in order to measure
real-time BC concentrations from fresh Diesdl exhaudt. The relationship between the
actua mass-specific absorption coefficient for BC and the BC-dependent attenuation
coefficients was determined from experiments conducted in a Diesdl exposure chamber
that provided constant concentrations (55+1 pg ni®) of PM. 5 (particulate matter less than
2.5 pmin aerodynamic diameter) from Diesdl exhaust. The possible interference of
adsorption of semi-volatile organic gases by the ingrument’ s filter tape was investigated
for fresh Diesdl exhaust using paired aetha ometers, one of which was operated with a
diffuson denuder and the other without. On average, a 13% reduction in the PM» s
concentration was observed when using the activated carbon-impregnated foam denuder
with Diesdl generated PM. However, both un-denuded and denuded aethal ometers
reported concentrations decreasing with time for both infrared and UV absorbing PM
when exposed to constant PM 5 concentrations from Diesd exhaust. This apparent
decreasing rate in reported light absorbing PM concentration was used to derive a
correction for the loading effect of strongly light absorbing particles (ei. Diesdl soot) on
the aetha ometer filter tape. The experimentally determined specific attenuation, Sam =
23.3+4.8 nt g'* a ?=880 nm may be overestimated due to uncertainties in determining
the split between organic carbon (OC), and elementd carbon (EC) from the therma
optica transmisson method, which trandated into an apparently large multiple scattering
effect of thefilter matrix for Diesdl generated soot.

Keywords: Aethalometer, light absorption, Diesdl soot, SVOC artifact, SVOC denuder,

black carbon.
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4.1 INTRODUCTION

Carbonaceous aerosols are composed mainly of organic carbon (OC), some of
which are sami-volatiles, and dementa carbon (EC), ameasure of black carbon aerosol
(BC). Carbonaceous aerosols may have a detrimenta impact on human health from both
acute and chronic exposures, since they are a component of fine particulate matter and
thus are able to penetrate into the lower respiratory system (Samet et d., 2000; Pope et
d., 2002). Susceptible populations include those suffering chronic obstructive pulmonary
disease (COPD), cardiovascular patients, and asthmatic children (Romieu et d., 1996;
Peterset d., 1997; Yu et a., 2000; Ostro et al., 2001; Wargo et al., 2002). In addition,
carbonaceous aerosol influences climate directly and indirectly through light extinction in
the atmosphere (Adams et d., 1990; Horvath, 1993; Myhre et ., 2001) and can lead to
low vighility (Crutzen and Andreae, 1990; Gebhart, et d., 2001).

It is known that the absorption efficiency of BC aerosol varies depending on the
source and chemica composition (Liousse et d., 1993; Petzold and Niessner, 1995; Bond
et a., 1999; Lavanchy et d., 1999; Schnaiter et a., 2003), and the assumption that al
light absorbing materid is due to the presence of BC aerosol is not dways accurate
(Gillespie and Lindberg, 1992; Mam and Kreidenweis, 1997; Caquineau et d., 1998;
Arimoto et d., 2002; Kirchstetter et a. 2004).

Some organic carbon (OC) may have light scattering and absorption properties, as
well. Semi-volatile organic compounds (SVOC) make up afraction of the OC and they
may partition between particulate and vapor phasesin the atmosphere or during sampling
depending upon temperature and molecular weight. A positive sampling artifact often

results from adsorption of these compounds onto the filter media or collected particles
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during sampling (Turpin et a., 1994; Eatough et d., 1995; Kirchstetter et d., 2001; Pang
et d., 2002). These compounds may produce enhancements in light absorption, which in
turn could affect the optical determination of BC aerosol concentrations.

Light absorption efficiencies of aerosols embedded in areflective filter matrix are
known to be enhanced compared to the same aerosols in the atmosphere (Sadler et dl.,
1981; Jennings et al., 1993; Bodhaine, 1995; Lavanchy et a., 1999; Arnott et d., 2005).
For an early version of the aetha ometer operating with an incandescent lamp, avaue of
satn = 19 n? 't was used to trandate changes in light attenuation through a quartz filter
into BC mass concentration (Hansen et d., 1984). This value was compared to the
absorption efficiency of smilar BC agrosol inthe air (Sas~10 n? g%, Horvath, 1993) to
account for absorption enhancements due to multiple scattering within the filter matrix
(Jennings et al., 1993; Bodhaine, 1995).

Further, an optical effect due to the accumulation of particlesin the filter has
been reported for the agthadlometer (LaRosa et d., 2002; Weingartner et ., 2003, Arnott
et a., 2005; Kirchstetter and Novakov, 2006) and smilar applications of the light
transmission method (Petzold et d., 2005; Virkkula et d., 2005). Asthe filter becomes
loaded with particles, the extent of enhancement of the light absorbed by the embedded
BC decreases, which resultsin lower reported BC concentrations for loaded filters
compared to lightly loaded filters. Weingartner et d. (2003) reported that this effect is
more pronounced for freshly emitted soot than for aged atmospheric aerosol. The current
aethd ometer agorithm used to trandate filter light attenuation into BC mass

concentration does not correct for thisloading effect.
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Weingartner et d. (2003) also noted a marked increase in the enhancement of
light absorbed by the BC when the Diesel soot was coated with transparent, secondary
organic aerosol. This added enhancement was attributed to the condensation of organic
vapors onto the agthd ometer’ sfilter. Therefore, they recommended the use of a denuder
to remove vapor phase OC to minimize this enhancement effect, particularly when high
concentrations of condensable gases are sampled.

In this study, we examine these artifacts using a constant source of Diesdl soot.
Using a congtant particle emisson source, we were able to separate the enhancement in
the light absorption caused by multiple scattering in areatively clean filter from those
due to particle mass buildup and to develop a correction for both artifects for fresh Diesdl
soot. We d 0 investigated the effects of using a diffusion denuder when sampling fresh

Diesd exhaudt, as wdl as ambient PM, 5 and environmenta tobacco smoke (ETS).

42 METHODS

Two portable versons of the dua-wavelength aethaometers (AE41 and AE42,
Magee Scientific Company, Berkdley, CA) were smultaneoudy exposed to a controlled
concentration (55+1 pg n®) of ultra-fine Diesel generated particles (soot). A denuder
was placed upstream of one of the collocated instruments to remove vapor-phase SV OC;

the other was operated without a denuder.
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4.2.1. Foam diffusion denuder

The diffuson denuder was made of activated carbon coated foam disks placed in
a cassette body (25 mm diameter, Cole-Parmer Inc., part No. 10380-00), between
sections of Tygon tubing. The impregnated foam was made of fine activated carbon
particles (<10 um diameter) incorporated into open-cell polyurethane plastic materiad
during fabrication. Additiona information regarding the performance of the activated
carboncoated foam as a denuder is reported elsewhere (Pang et d., 2002). The porosity
and thickness of the foam used in this study was 100 ppi and 0.95 cm, respectively
(Stephenson & Lawyer, Inc., Daton, GA., part No. 80608).

We employed this denuder to investigate SV OC adsorption onto the quartz filter
tape in the agthd ometer and, thus, reduce the enhancement of light and the reported BC
concentrations. When using the denuder, it was important to distinguish between the
intended remova of SVYOC and the unintended remova of particles because particle
remova by the denuder would aso have an effect on afilter-based optica method to
estimate BC aerosol concentrations. Prior to the Diesd chamber experiments with the
aethalometers, the performance of the activated carbon coated foam denuder, specificaly
with respect to PM» s mass, OC and EC mass, was examined for ambient PM 5 and fresh
Diesd soot. Ambient PM2 5 was collected from collocated pairs of 12-hr integrated PM2 5
samples (one with the denuder) operated from 08:00 am to 08:00 pm and from 08:00 pm
to 08:00 am, PST. These samples were collected with single-stage, 10 L min Harvard
Impactors (HI,.5) (Air Diagnogtics Inc., Naples, ME). One Hl; 5 pair sampled PM> 5 onto
37-mm Teflon filters, and ancther pair onto quartz filters. The ambient PM, 5 samples

were collected in the fal of 2002 from an ambient monitoring Ste located in Pullman,
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WA (see Jmenez et d., 2006 for more details regarding the monitoring site). Field blanks
and duplicates were deployed so that they comprised at least 10% of the total Hi, 5
sample size. The precision (1.2 ug m®) and accuracy (3%) of the HI s have been reported
elsawhere (Liu et d., 2002).

The foam denuder was dso tested with environmenta tobacco smoke (ETS) at a
chamber facility located at Lawrence Berkeley Nationd Laboratory (LBNL), Berkeey,
CA., in an experiment designed to determine if the foam materia produces changesin the
particle sze digtribution of the sampled aerosols. For this experiment, a 10-stage
piezoelectric quartz crystal microbaance (QCM) cascade impactor (Modd PC-2, 240 mL
min*, with impactor stages for 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 and 6.4 um particles,
Cdifornia Messurements Inc., SierraMadre, CA) was used to measure and compare
particle Sze mass digtributions of ETS upstream and downstream of the diffuson
denuder. The foam denuder particle size cut point (d.), defined asthe particle Sze with
50% penetration, was determined from an empirica modd developed by Vincent et d.
(1993), which estimates d.. through a porous foam as function of thickness, porosity
(density) and face velocity (ratio of the volumetric flow rate to cross section area
perpendicular to the flow) through the media. The use of foam as asize sdective inlet has
been extensvely reported elsewhere (Vincent et d., 1993; Chen et d., 1998; Kenny et dl.,

1998; Kenny et d., 1999).
4.2.2. Diesel chamber

The Diesd chamber was housed in the Department of Environmental and

Occupationd Hedth Sciences at the University of Washington. The chamber dimensons
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are 8.8 x 5.5 x 2.4 mwith atota volume of 116 . The volumetric flow rate through the
chamber was 28.3 nt® min* and the incoming air was filtered so that the PM
concentration insde the chamber was free of background contamination. Diesdl soot was
generated from aturbocharged direct-injection 5.9-liter Cummins B-series Diesd engine
(6BT5.9G6, Cummins, Inc., Columbus, IN), which is comparable to enginesused in
ddlivery trucks and school buses. The engine drove a 100 KW generator connected to an
electric load bank (Smplex, Springfidd, IL), which was set a 75 kW. The engine fud
was highway grade Diesdl No 2 un-dyed, which is commonly used in ddivery vehicles.
The PM 5 concentration ingde the chamber was controlled by diverting Diesdl
exhaugt from the engine into the air flowing through the chamber. A varigble speed fan
controlled by a system that uses two light scattering nephelometers (one sensing
downstream of the chamber and the other inside the chamber) provided feedback to the
system to adjust the amount of diverted Diesdl exhaug, in order to achieve and maintain a
target PM2 5 concentration. Under conditions of congtant Diesd exhaust PM; 5
concentration, the chamber exhibited a linear relationship between dementa carbon (EC)

and PM s mass concentration (intercept= -6.1, slope= 0.85, R’= 0.97).

4.2.3. Measurements

Each experiment was designed to avoid systematic errors from instrument
cdibration issues and/or from repeatedly using the same monitor with the denuder. The
experiments are summarized as follows: (@) initid collocation with no denuder upstream
and, when required, a correction factor was applied to compare data from both

instruments; (b) one instrument with denuder and the other instrument without it; and (c)
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denuder switched between the aethdometers. Additionaly, we audited and cdibrated the
flows of the ingruments ongte using aflow meter (Dry Cd, BIOS Internationd
Corporation, Butler, NJ).

In order to verify constant conditions and to compare chamber generated Diesel
soot to ambient measurements and other experiments reported in the literature, severa
additional chamber measurements were performed. These included continuous PM3 5
concentrations from a Tapered Element Oscillating Microbaance (TEOM) monitor with
aPMg 5 inlet (1-min. Series 1400a, Thermo Electron Co.); light scattering coefficient,
Bscat, from a nephelometer (1-min, M903, Radiance Research, Seettle, WA). The
nephelometer was cdibrated using zero air and carbon dioxide (CO,) for gpan setting. In
addition, integrated PM, 5 samples were taken from collocated single-stage 5 L min®
low-volume samplers (low-val) (Airmetrics Inc., Eugene, OR). Two-dage filter cassettes
(47-mm) with Teflon filter (2 um pores part No 7592-104, Whatman Inc., Clifton, NJ)
and quartz filter after Teflon, aswell as single-stage filter cassettes with quartz (part No
1851047, Whatman Inc., Clifton, NJ) were used with the samplersto estimate OC
fractions, SVOC artifact, and EC. Additionally, for the experiment conducted a
relatively congtant concentrations of PM 5 from Diesdl exhaudt, two EcoChem samplers
(EcoChem Andytics, League City, TX) were deployed to measure particle active surface
area (PASA) and totd particle-bound polycyclic aromatic hydrocarbons (PPAHS). These
instruments have been used to characterize aerosols based on the relationship between
particle active surface area and the concentration of particle-bound PAHs (Velasco et dl.,

2004; Ott and Siegmann, 2006).



4.2.4. Sample and data analysis

PM, 5 collected on the Teflon filters was andyzed gravimetricaly using a
microbaance (model UMT2, Mettler-Toledo, Inc., Columbus, OH). Thefilters were
conditioned at a constant temperature (22.2+1.8 °C) and relative humidity (34.8+2.5 %)
for at least 24 hours prior to weighing. Sections of the quartz filters (1.5 cnf) were
andyzed for OC and EC viatherma opticd evolved gas andyss (Therma Opticdl
Transmittance, TOT, Sunset Laboratory Inc., Tigard, OR) usng amodified verson of the
NIOSH 5040 method (Pang et d., 2002). The TOT carbon anayzer was cdibrated using
astandard solution of sucrose (20 pL of 4.5 g C L™ solution = 90 pg C). More details
about the temperature steps, carrier gases and standards used in thisthermd optica
anaysis are reported in Pang et al. (2002).

A correction for the positive OC sampling artifact was applied by subtracting the
back (after Teflon) quartz filter OC concentration from the corresponding concentration
obtained from the collocated single quartz filter (Fitz, 1990; Turpin et d., 1994). Black
carbon concentrations from the agthalometer were compared to the EC concentrations
measured by thermd optica anadlyss of the quartz filters. Data collected with both
aethal ometers were compared to determine differences in the measurements when using
the denuder on the aethalometer. In addition, aethalometer measurements were compared
to other PM measurements, including PM 2 s concentration, bsca;, PASA and PPAHS. This
was done to evauate the tempord behavior of the agthal ometer measurements during the
chamber experiment at constant PM concentrations. Findly, a correction was proposed
for the agthd ometer to account for loading effect and light absorption enhancements due

to multiple scattering of the filter matrix. The latter correction was developed from
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scaing the agthd ometer barn measurements to the EC information obtained from the

TOT andyss.

4.2.5. Mode framework

The primary goa of this study was to develop a correction factor for the
aetha ometer algorithm that could account for both absorption enhancements due to
multiple scaitering of the filter matrix and for the loading effect. This factor would be
gpecific for ar containing fresh Diesdl exhaust dominated aerosols.

The optica attenuation (ATN) of light by particles depodited in the quartz filter is

given by the following relationship;
ATN =-100" In&@/ 9 1
? Ioﬂ ( )

Where, |p istheintensty of the incoming light and | isthe light intendty remaining after
passng through the filter media and collected particles. Aethd ometers measure light
atenuation through a highly light scattering quartz filter fiber matrix. The light scattered
away from the detector by particles collected on the filter is assumed negligible compared
to the filter matrix light scattering (Hansen et d., 1984). The attenuation coefficient, barn,
has units of m* and is given by:

A DATN
bATN = GT (2)
where A is thefilter collection area (mf), or “spot”, Q isthe volumetric flow rate (Mt min
1y and ? ATN isthe change in light attenuation during the time interval, 2t (min). The

meass concentration of BC aerosol, Mec, (g m®) isthen calculated from the attenuation

coefficient,
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b
Mg = —H 3

S ATN
where sar is the atenuation efficiency of BC in the filter subdtrate, with a
manufacturer's recommended value of satny = 16.6 n? gt at 2= 880 nm, and 39.5 n¥ g*
a ?= 370 nm for the dua wavdength aethadometer, based on the reationship between
attenuation and BC concentration determined by therma optica andyss (Gundd et d.,
1984).

The light absorption from the particles can be rdated to the totd light attenuation
(filter plus particles) by accounting for multiple scattering and particle loading effects on
the filter matrix. Weingartner et d. (2003), suggests a rdlationship between particle
absorption coefficient, baps, and the attenuation coefficient, bat, for the agthalometer by
introducing two correction factors. The first correction factor, C, accounts for absorption
enhancements due to multiple scattering including enhanced absorption resulting from
quartz filter adsorption artifact, and the other correction factor, K(ATN), accounts for a

non-linear absorption response to filter loading, asfollows,

babs = bA¢ (4)
C X< (ATN)

In this study, we experimentally determined these two correction factors [C and
K(ATN)] for Diesdl soot based on 1-min averaged aethal ometer measurements collected
during a2-hr period of constant concentrations of Diesdl exhaust particle mass. The
correction to account for anor+linear absorption response to filter loading, K(ATN), was
defined as,

K(ATN)=a+b" exp(- ATN/100) (5)
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where a and b are regression coefficients determined from the expressions represented in
Equation (6) versus Equetion (5), and K(ATN) was derived from the rdative difference
between the increments of attenuation between two consecutive messurements. The
relative increment in attenuation in a  interva is determined from aetha ometer
measurements as follows,

_ DATN(Y)

K(ATN) DATN(0)

(6)

where ? ATN(t) is the difference between two consecutive measurements [ei. ATN(t+1) —
ATN(t)], and ? ATN(O) is the difference between the first and second reported
measurements for light attenuation & the beginning of the measuring cycle of the
indrument (new filter spot).

The multiple scattering effect due to the filter matrix, C, was derived by
comparing the experimentally determined attenuation efficiency, Sam, to the mass
Specific absorption efficiency, Saps. The Saps Was determined from the difference between
the extinction efficency, Sex, and the scattering efficiency, Sscar, Of Diesd soot inair. The
sarn for Diesdl soot was determined by means of the aetha ometer, at a constant exposure
to Diesd-generated PM and corrected for the loading effect. The Sscar Was determined on-
ste by means of nephelometer, and the sex Vaues of Diesdl soot in air were extracted

from Schnaiter et d. (2003), who conducted experiments with a flow tube spectrometer.
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4.3 RESULTSAND DISCUSSION

4.3.1. The foam denuder

The configurations of the foam thickness and the face velocity were intended to
achieve d; larger than 2.5 um to avoid removing particles in the intermodd range
(dp~0.1-2.5 um). The predicted d,, for the different configurations of the foam denuder
ranged between 3 to 5 um. Table 1 summarizes the PM, 5 concentrations and
carbonaceous fractions for the 45 PM s paired samples (with and without the diffusion
denuder) collected at the outdoor site in Pullman. When the denuder was used with the
HI, 5 sampler, on average a 15% reduction in the PM> s concentration was observed.
Furthermore, a higher reduction (28%) of OC and amost no reduction (2%) in the EC
fraction were observed on the denuded samples. The diffusion denuder used with the
HI 5 resulted in lower PM, 5 concentrations for ambient aerosols with an average ratio of
OC/PM3 5 = 0.29+0.20, and had the greatest effect on the most volatile fraction (OC1) of
the organic carbon. Similarly, when sampling Diesdl exhaudt in the chamber experiment,
agreater reduction in the OC fraction of PM 5 (~80%) was observed for denuded
samples, mainly in the mogt volatile fractions of OC. For the outdoor samples, the EC
was not sgnificantly different (p= 1.67, N= 46) for the samples collected with and
without a denuder, while the more volatile fractions of OC showed sgnificant differences
(p<0.01, N= 46). These experiments suggest that the denuder removes materia that
would otherwise be counted as PM» s mass. However, the observed ambient EC
concentrations were considerably lower (~0.5 pg mi®) compared to those observed in the

chamber experiments with Diesdl exhaust (~35 pg mi®). In the latter experiment a grester
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reduction in EC was observed from using the denuder with the integrated samplers. These
results are discussed in more details in succeeding sections.

To further ensure that the denuder does not significantly change the sze
digtribution in the PM 5 range, the particle size ditribution before and after the denuder
was examined for ETS (temperature 21+1 °C, RH= 52+2%, PMy5~ 50 pg mi®). The data
showed that the foam denuder did not cause significant changes to the particle mass size

digribution (p>0.05, N=9).

4.3.2. Diesel chamber experiments

TEOM PM s, nephelometer scattering coefficient (bscar), particle active surface
area (PASA), and total particle-bound PAHSs (PPAHS) concentrationsin the Diesel
chamber experiment a constant PM 5 concentrations are shown in Figure 1. Thetime
period of constant PM, 5 concentrations between 14:00 and 16:00 hr (2-hr) was selected
to test the aethalometer response to constant BC mass concentrations and to determine a
correction factor, K(ATN), to account for loading effect. Table 2 provides summary
gatigtics for the PM parameters measured during the 2-hr run a a congtant PM» s
concertration. Note that all parameters were rather constant (~3% variation) and highly
correlated (r>0.87) to each other (Table 3). We found for this experiment that the ratio of
PPAHS/PASA was 1.8+0.1 ng mm?, and was higher than similar ratios reported by
Velasco et d. (2004) from measurements on aroad near aworking dump truck (~1.2 ng
mmi2) and averaged measurements (~1.0 ng mm™2) reported from chasing a tractor-trailer

truck on a Cdiforniaroad (Ott and Segmann, 2006). This suggests that for this
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experiment, the generated Diesdl soot had more PAHs (SVOC) attached to the particle
surface in proportion to the available surface area.

The un-denuded aethal ometer measurements obtained during the same Diesdl
chamber experiment are shown in Figure 2. Thisfigure includes uncorrected
measurements for both channels (BC at 880 nm and UVPM at 370 nm) aong with the
observed PM s concentration. Note the recurring decrease in the agthal ometer
measurements of BC and UVPM concentrations (ratio UVPM/BC ~ 0.75) at constant
PM s concentrations from diluted Diesd exhaust. This periodic behavior was observed in
al measurement cycles (4 spots) and in both collocated agthalometers (sampling at 2.2 L
min) both with and without the use of the denuder. The reported ATN vaues increased
continuoudy up to ~55 at 880 nm and 95 at 370 nm, which correspond to ~3.4 pg of
diesdl soot deposited in thefilter spot as estimated from the TEOM_ s measurements.
After thefilter tape advanced to a clean spot, the first reported values of ATN were ~4 for
BC and 7 for UVPM channels. Additiondly, note from Figure 2 an gpparent UVPM <
BC signd (ratio UVPM/BC ~ 0.75) in the reported measurements. Idedlly, the BC
concentration (determined from absorption at 880 nm) should be about equal to the
UVPM concentration (determined at 370 nm). However, the difference in the reported
concentration of light absorbing PM from the two available channdsis due to the preset
attenuation efficiency determined from ambient aerosols as part of the manufacturer
cdibration, which does not necessarily represent the wavel ength dependency of the
atenuation efficiency of the Diesd soot generated in this experiment.

Table 4 summarizes results obtained using the diffusion denuder and gpplying an

artifact correction based on an independent measurement of particle OC concentration
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(quartz filter after Teflon). The percentage reduction in OC observed when using the
denuder was consstent with that observed when gpplying the artifact correction to the
front quartz filter. In both experiments the greatest reduction in OC mass occurred at the
higher volatility (OC1-OC3) fractions of OC. The denuded sample did show a greater
reduction in EC (15%) compared to smilar reduction (2%) observed for the ambient
PM, 5 samples and, more relevantly, a 0% reduction for diesdl chamber experiment #1.

When using the denuder, areduction (~13 %) in both aethalometer channels was
observed. Based upon the smilar reduction observed in the EC concentration from
collocated sampler (with denuder), this reduction in the aethalometer sgnd may be due
to acombination of SVYOC remova and some degree of BC particles scrubbing from the
foam denuder used with the agtha ometer.

The agthalometer vaues for BC a 880 nm and UVPM at 370 nm (from the
manufacturer’ s dgorithm) were compared to the EC concentration (determined from
TOT andyss) during the 2-hr period at a constant PM - 5 concentration. The average BC
and UVPM concentrations at 880 and 370 nm (39.2+5.1 and 29.5+4.3 ug m> for
undenuded and 33.7+4.7 pg m® and 26.4+4.2 pg m for denuded aethal ometer,
respectively) were relatively smilar to the EC concentration determined from thermal-
optical analysis (35.1+6.1 g n°). However, the decreasing trend in the temporal
evolution of the aethalometer measurements (48.1?  31.5 pg m®; see Figure 2) a
constant PM s concentrations, independent of the use of a denuder, suggest that the
ingrument overestimates BC concentrations when the filter spot is rdatively unloaded

and that it underestimates BC concentrations when the filter is loaded with Diesd soot.
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4.3.3. Aethalometer correction

Linear regression gpplied to the data from Equation (6) versus Equation (5) (see
Figure 3) was used to determine the coefficients a= 0.13 and b= 0.88 (R*= 0.92) at 880
nm, in equation 5. Vauesfor K(ATN) were determined using the relationship presented
in equation (6) applied to aethal ometer measurements (N= 170) at constant
concentrations of Diesd-generated PM (see Table 2). Nearly identica values were
reported by Kirchdetter et d. (2006), who applied asmilarly strong light absorbing BC
(i.e,, with asingle scattering albedo of ~ 0.25) from a diffuson flame to develop a
correction for red-time agthadometer data. The agreement between the two approaches
suggests that the coefficients reported here can be used when using the agtha ometer to
sample aerosol characterized by low single scattering abedo in addition to Diesdl soot.

A smilar gpproach was used for correcting the attenuation measurements at 370
nm (UVPM), which gave the coefficients a= 0.38 and b= 0.67 (R?*= 0.95). The corrected
barn usng the K(ATN) correction for filter loading are shown in Figure 4 [corrected vaue
= batn / K(ATN)]. There is good agreement between the tempora evolution of the PM2 5
concentration and the corrected bary measured with the aethalometer. In addition, after
applying the above correction, the Spearman’s correlation coefficient, r (Table 4)
improved (>4 percentage points) for al measured PM parameters

After adjugting bary for the filter mass loading effect (see Figure 4) the BC
aerosol concentration was ca culated using equation (3) and the manufacturer’s
recommended attenuation efficiency, (sarv = 16.6 n? gt a 880 nm, and 39.5 n? g at
370 nm) and compared to 2-hr average vaues for EC taken from the TOT anayses. For

the averaged barn (barn = 82030 Mm? at 880 nm, and 1500+80 Mm'* a 370 nm)
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observed in the experiment (un-denuded aethal ometer), the agthadlometer BC
concentrations determined at 880 and 370 nm overdtated the TOT EC by ~50% and
~10%, respectively.

In order to quantify the multiple scattering effect of the agtha ometer’ sfilter
matrix, the experimentaly determined attenuation efficiencies (usng equation 3,
corrected bary, and EC concentrations from the TOT analysis) (satn = 23.3+4.8 n? g at
880 nm, and 42.9+1.0 n? g'* a 370 nm) were compared to the absorption efficiencies of
Diesdl soot measured in ar. The extinction efficiency of Diesel soot (Seq= 5.1 n? gt at
880 nm, and 14 n g'* a 370 nm) was estimated from Schnaiter et &. (2003), and
cattering efficiency of Diesdl soot (Ssca= 0.6 P gt at 880 nm, and 3.0 n? g'* a 370 nm)
was determined from onsite nephelometer measurements (at 530 nm and extrapol ated
using wavelength dependence, 7 with a=1.9). The absorption efficiency, Sapns, Was
obtained by subtracting Sscat from Sex, and the vaues of C were determined by dividing
the experimentally determined samn by the caculated saps. Figure 5 shows the C vaues
for fresh Diesd soot determined in this experiment and smilar vaues reported by
Weingartner et d. (2003) for smilar aerosols. Note that these experimentaly determined
C vaues were higher than those previoudy reported for this instrument. This could be
due to underestimation of EC from the TOT method (Therma Optical Transmisson) and
NIOSH protocol used to determine the split between OC and EC, since the estimation of
the C (multiple scattering enhancements) directly depends on the determination of the EC
(Equation 3). In addition, studies show that when a particulate matter sampleis andyzed
with different thermal optica methods, the BC estimates vary considerably (Countess,

1990; Shah and Rau, 1991; Schmid et d., 2001, Watson et a., 2005).
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The absorption coefficients, baps= 160+50 Mm* at 880 nm and 390+100 Mmi* at
370 nm were determined for the chamber experiment at constant PM concentrations by
using equation (4), with the aetha ometer attenuation measurements corrected for loading
and multiple scattering effects. As shown in Figure 6, the resulting aethdometer BC
concentrations estimated from this proposed correction are in good agreement with the
tempora behavior and magnitude of the concentrations of PM> 5 and the averaged EC
concentration determined from TOT andysis.

Findly, asaway of verification of derived C values, the average absorption
coefficients, baps determined by the agthaometer at 370 and 880 nm were compared in
Figure 7 with the expected wavelength dependent trend in light absorption by Diesdl soot,
which can be represented by the Angstrom power law, baps~ 72 with a= 1.1, as discussed
in Schnaiter et d. (2003). This figure shows a cons stent wavel ength dependency for the
bavs, experimentdly determined by means of agthdometer, in an environment dominated

with Diesel soot and reported vaues for smilar types of agrosols.

4.4. SUMMARY AND CONCLUSIONS

We have developed a correction for the agthalometer measurement that enables
reliable measurement of real-time high concentrations of BC from Diesdl exhaudt. This
included a correction for absorption enhancements due to multiple scattering of the filter
matrix, and a nor+linear response of the instrument as the filter becomes loaded with light
absorbing particles. We used a specidly designed chamber for devel oping this correction

dueto its cgpabilities to actively maintain constant concentrations of PM 5 from Diesd
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exhaust indde the chamber. This was necessary to determine the optica artifact occurring
asthefilter loads with particles.

Additiondly, we examined the effects of semi-volatile organic compounds on the
optical absorption of black carbon by equipping an agthd ometer with a diffusion denuder
designed to remove SV OC interferences. When using the activated carbon-impregnated
foam denuder on the agthal ometer, an average reduction of 13 % was observed at both
waveengths. Thermd optica evolved gas andysis from collocated samples demondtrated
that this reduction was mainly due to the most volatile fraction of organic carbon, but so
some of the EC particles. Further work should include testing the proposed correction
with mixed aerosol, including non-absorbing aerosols, aswell asin ambient air with
diesdl exhaust and environmenta tobacco smoke. In addition, future work should include
additiona instrumentation and caibration methods to determine EC/BC mass

concentrations.
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Tablel

Summary of basic statistics for PM._5 data (g mi®) without (w/o0) and with denuder

(denuder) collected in 2002 at outdoor Site in Pullman, WA.

Parameter PM2s TC OoC EC
w/o denuder w/o denuder w/o denuder w/o denuder

Mean 125 105 4.2 3.1 3.6 2.6 055 054
Standard Deviation 6.0 5.4 2.1 1.8 18 15 0.58 0.46
25 percentile 9.1 7.4 29 1.8 25 1.6 0.05 0.22
Median 115 10.3 4.1 31 3.6 2.5 0.47 0.51
75 percentile 155 136 5.7 43 4.7 3.6 0.69 0.74
Observations (N) 45 45 46 46 46 46 46 46

12-hr averaged integration time

Table?2

Summary of basic statistics for continuous PM parametersmeasured at Diesdl chamber

experiment Sesttle, WA during two-hours of constant PM 5 concentrations.

Parameter TEOM PMos  ‘bea ’PASA SPPAHSs
(ug m®) (Mni?) (mn?” mi®) (ng mi®)

Mean 54.6 95 470 856
Standard Deviation 1.0 3 11 23
25 percentile 54.1 92 460 834
Median 54.6 94 470 852
75 percentile 554 96 478 865
Observations (N) 121 121 121 121

Integration time 1-min averaged

! Sacttering coefficient at 530 nm

%Particle active surface area

3Particle-bound total polycyclic aromatic hydrocarbon
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Table3

Summary of Spearman’s correlation coefficients (N=200) between TEOM: 5, bsat, PASA

and PPAHs observed during the Diesel chamber experiment.

Neph bATN/K bATN/K

TEOM> 5 Dscat PASA PPAHs 8380nm 370nm
TEOM2 5 1 0.94 0.91
Neph beeat 0.94 1 0.97 0.97
PASA 0.98 0.96 1 0.96 0.94
PPAHSs 0.98 0.97 0.99 1 0.97 0.95
batn 880 Nm 0.87 0.93 0.90 0.91 -
batn 370 nm 0.84 0.92 0.87 0.89 -

Table4

Comparison between SV OC artifact correction from using quartz after Teflon and from

using the foam denuder during PM> s sampling of Diesd generated particles.

Diesel chamber experiment #1 Diesal chamber experiment #2

Parameter Front quartz Quartz filter after  Artifact Reduction Front quartz Upstream Reduction
(ug ni®) filter Teflon corrected % filter foam %
EC 35.146.1 0.0+£1.2 35.146.2 0 244+33 20.7£3.1 15
oC 39.245.3 27.3t4.8 11.9+7.1 70 44.0+4.3 11.6+2.6 73
OC1 13.3+3.2 10.9+3.8 24450 82 18.4+3.7 0.7+0.1 9%
oC2 12.4+3.1 11.4+2.9 1.0+4.2 95 143+29 3.2+0.6 78
0oC3 4.2+1.7 3.5+1.6 0.7£2.3 82 49+10 20+04 59
oc4 8.9+2.5 1.1+0.2 7.8+2.5 12 6.1+1.2 53t1.1 13

Pyro C 0.3+0.2 0.4+0.1 - - 04+01 0.5+01 -
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Figure 1. Tempord digtribution of PM 5 concentration, particle active surface area
(PASA), totd particle-bound polyaromatics (PPAHS), absorption coefficient (bas) and
scattering coefficient (bsea) during exposure to Diesdl soot. Note congtant levels of PM; 5

between 14:00 and 16:00 hr.
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Figure 2. Tempord digtribution of PM 5 concentration and BC and UVPM agthd ometer
measurements during diesel soot exposure. Note that at constant levels of PM 5 the

aetha ometer measures a decaying trend in the BC and UVPM concentration.
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Absorption at 880 nm, constant PM, 5 concentration from Diesel soot
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Figure 3. Linear regression gpplied to determine the regression coefficientsa and b at

880 nm used to correct for particle loading effect in the agthalometer measurements.
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Figure 4. Correction for particle loading effect K(ATN) applied to the atenuation
coefficient determined with the aetha ometer. Note that the batn measured at both

wave engths matches the tempora behavior of the PM2 5 concentration.
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Figure 5. Comparison between the experimentaly determined vaues for multiple

scattering effects, C of the agthd ometer filter (circles) and smilar vaues reported by

Weingartner et a. (2003) from agthalometer experiments (open squares). C was

caculated as satn (caculated from thiswork)/ S qps.
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Figure 6. Proposed agorithm applied to the aethd ometer in order to measure near redl-

time concentration of BC from fresh Diesd soot.
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Figure 7. Wavelength dependence comparison of the experimentaly determined
absorption coefficient ba,s using the agthalometer. The aetha ometer byssis corrected for
loading effect K(ATN) and multiple scattering effect, C of the filter matrix. The solid line
represents the fitting of the reference ba,s determined using the Angstrém power law, bas

= 7% with a=1.1 for Diesd soot extracted from Schnaiter et . (2003).
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CHAPTER 5: SUMMARY AND CONCLUSIONS

The preceding chapters underline relevant aspects of aerosol characterization for
smoke from agriculturd field burning of wheet and Kentucky bluegrass (KBG) residues.
This encompasses the comprehensive objective of improving the understanding of air
quaity impacts from regiond field burning in the populated areas of eastern Washington
and northern ldaho, specifically particulate matter pollution, which is known to have
detrimenta effects on human health from chronic and acute exposure (US EPA, 2004),
and dso leadsto low vighility (Crutzen and Andrae, 1990). The gpproach used to
quantify ar pollution from regiond field burning was measuring and monitoring PM 5
(particulate matter less than 2.5 um in aerodynamic diameter) concentrations in populated
areas during periods of prescribed field burning. This involved deploying monitors able
to measure PM 5 concentration directly (gravimetric methods) or indirectly, through the
light scattering properties of aerosols (e.., nephelometer). However, it was shown
through receptor modeling that in addition to smoke from field burning, this semi-arid
region, had significant amounts of particlesin the air from other sources, which may
include fugitive dust from roads and adjacent fidlds, 38% of the totd PM2 5 mass
concentration, whereas the PM contribution from vegetative burning was gpproximately
35% of the observed PM 5 in Pullman, WA in the fal of 2002.

The use of receptor moddls, such asthe US EPA Chemical Mass Balance (CMB)
receptor moddl (Watson et d., 2001) was proven to be effective in apportioning PM2 5
from vegetative burning among other common sources of PM in the area (ei. airborne

s0il) by including the specific molecular tracer levoglucosan (LG), a marker for cdlulose
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combustion (Simoneit, 2002). The digtinction between dust and vegetative burning
originated PM> 5 was necessary, because this information provided the base for the more
comprehensve sudy examining community exposure to agriculturd burning smoke and
the related hedth effects.

However, levoglucosan aone was not as effective in gpportioning aerosols
emitted from combustion of agricultura residues, when other sources of vegetative
burning aerosols may affect the region. In the Pullman study we found a significant
corrdation (r=-0.6, p<0.01) between LG and ambient temperature, which could be
attributed to residential wood burning, as ambient temperatures decreased later in thefdl.
Moreover, we have documented substantial air pollution events in urban areas of eastern
Washington and northern Idaho linked to wildfires in the region (Jdmenez, 2000), which
could aso affect the ability of gpportioning air pollution from agriculturd fidd burning
through source receptor modeling.

Sdecting specific markers for apportioning PM pollution from agriculturd field
burning in the area was important, since the performance of the CMB modd directly
depends on the qudlity, authenticity and uniqueness of the tracers selected to identify a
particular source. We learned that the lignin content and chemica structure varies with
plant species (Ibrahim, 1998; Smoneit, 2002), and that lignin pyrolys's products
(methoxyphenals) are important compounds in smoke from biomass combustion
(Smoneit et d, 2000). Therefore, we targeted 19 methoxyphenols (MP), and the relative
proportion (relative to PM2 s mass) of these compounds was used to digtinguish
agricultura resdue smoke from smoke derived from hardwood combustion.

Comparisons between these markers present in smoke from wheat and KBG stubble
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burning, collected in chamber and field experiments, showed that the amount of total
MPsfound in wheat subble smoke was higher (>2 times) than smilar anountsfound in
KBG smoke. Additiondly, syringddehyde, acetosyringone and coniferyladehyde were
found to be the most prominent particle- phase tracers (among the analyzed MPs) for
wheat stubble smoke, and these compounds were not always present in detectable
amountsin KBG smoke, and these MPs are dso present in considerable amountsin
hardwood smoke. Therefore, we proposed to consider these prominent MPs relative to
the amounts of LG found in PM 5 from smoke. The ratio LG/ syringd dehyde was found
much higher in wheat (~80) than similar ratios reported for hardwood (~5) (Fineet d.,
2001; Fine et a., 2002; Hays et d., 2002). Similarly, smoke from softwood has alow
ratio (~7) of LG/ coniferylaldehyde compared to wheat stubble smoke (~180) due to the
higher content of coniferylaldehyde in whesat smoke relative to the levoglucosan content.
Idedlly, the relative proportions of these organic tracers (MPsand LG) in PM
from smoke should be more or less congtant for a particular type of crop residue
combustion. However, it was found that the relative proportion of the MPsin thefield
collected samples from wheat stubble smoke were lower than smilar compounds
mesasured in PM 5 collected in the chamber, with the exception of two syringol
compounds (syringad dehyde and acetosyringone) that were higher in the field samples
compared to chamber samples. One possible explanation may be enhanced volatilization
of methoxyphenols from particles in the field experiment, or changes in the particle phase
- vapor phase equilibrium upon temperature and vapor pressure during sampling, bearing

in mind that these MPs are adso present in important amounts in the vapor phase.
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Additiondly, photochemica degradation and transformation of methoxyphenols
has been previoudy documented (Hawthorne et a., 1992). Hawthorne and co-authors
noted that the relative amounts of syringaldehyde and acetosyringone were enhanced in
ambient PM samples compared to PM collected directly from fireplace chimneys. The
authors speculated that this enhancement may be due to oxidative transformation of other
syringyl-type MPs into syringadehyde and acetosyringone. A smilar mechanism may
explain our observation of an apparent increase in the relative concentrations of
syringddehyde and acetosyringone in the field samples compared to the chamber
samples, while relative concentrations of the other syringyl derivatives were reduced.

This mechanism of methoxyphenal transformations should be considered when
gpportioning PM, 5 pallution from field burning at a given receptor location through
CMB modding. If the profiles used for distinguishing PM emitted during farm field
burning includes lignin pyrolyss products (MPs) they should consider enrichment/
degradation of these compounds in the atmosphere, as well as during collection and
andyss. Morework is required for understanding these transformation processesin the
atmosphere during trangport and dispersion downwind of the fire. Thisinformation could
be used in receptor models by adjusting the relative proportions of methoxyphenalic
compounds in the profiles to conditions of photochemistry and transport timeto a
particular receptor Site.

On the other hand, one of the main gods of the comprehensive study examining
community exposure to fidd burning smoke was to quantitatively measure negative
hedlth effects on a sdected group of people from exposure to agricultura burning smoke.

For this reason, trends in the continuous PM . 5 concentration measurements from ether
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TEOM or nephelometer were monitored, and potentia smoke episodes (requiring amore
intensive human subject testing) were declared when three or more consecutive 30-min
averaged values exceeded 40 um i3, athreshold value selected from our previous study
linking PM 5 concentrations to air pollution episodes from agriculturd fied burning
(Jimenez, 2000). However, it was found that for the fall 2002 study, the continuous PM» s
measurements aone were not able to distinguish vegetative combustion from soil
originated PM, and filter-based PM s samples collected over time (12-hr) did not capture
short-term variations nor was feasible to andyze the PM samplesfor tracers and run
models.

While knowing that biomass burning emits light absorbing carbon (LAC) into the
atmosphere, near rea-time concentrations of LAC can be measured using the
aethalometer. The aethalometer is a semi-continuous instrument that mesasures black
carbon (BC) aerosol concentrations from its light absorption properties through a quartz
filter (Hansen et a., 1984). Nonethdless, evidence indicates that quartz fiber filters are
prone to absorb semi-volatile organic compounds (SVOC's) (Eatough et d., 1995; Pang
et d., 2002) and this may interfere with the agthd ometer measurements. Additiondly,
two optica interferences due to the multiple scattering and the accumulation of highly
absorbing particdles in the filter matrix have been reported for thisinstrument (LaRosa et
al., 2002; Weingartner et d., 2003). Therefore, we needed to further investigate the
operationd principle of thisinstrument, its cgpabilities and limitations prior to being used
for near red-time mornitoring of ar prolution from biomass burning.

Asaway of underganding the effects of semi-volatile organic compounds on the

optical absorption of thisinstrument, we designed an experiment with controlled
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conditions of PM from Diesd exhaudt. For this purpose we equipped one of the
aethalometers with a SVOC denuder, and we observed on average a 13% reduction in the
denuded aethal ometer measurements, while therma optical evolved gas andysisfrom
collocated samples showed that this reduction was mainly at the most volatile fractions of
organic carbon.

In addition, we devel oped a procedure for correcting the current aethalometer
agorithm that is capable of providing more reliable measurements of red-timehigh
concentrations of BC from Diesd exhaust. This correction included a parametrization of
a so-cdled “loading effect”, which required fixing the concentrations of light aosorbing
PM to ardative stable value for an extensive period of time. In this experiment, we used
aspecidly designed chamber capable of actively maintaining constant concentrations of
PM, 5 from Diesd exhaust, and we scaled the aethadometer optical absorption
measurements of LAC to elementa carbon concentrations determined from thermal
optica analyss using an established protocol for determining the split between organic
carbon (OC) and elemental carbon (EC) (NIOSH 5040). However, interlaboratory
analyses of carbonaceous aerosol samples have shown that EC and/or BC estimates vary
considerably depending upon the method and protocol used for analysis (Countess, 1990;
Shah and Rau, 1991; Schmid et d., 2001, Watson et d., 2005). Furthermore, results from
the andyss of areference materid by different thermd optica methods yield awide
range of EC estimates (Currie et d., 2002; Klouda et d., 2005). Clearly thereisalarge
uncertainty in EC and/or BC measurements due to the lack of agreement between the

standardized methods for andyss.
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Further work should include more research focused on reducing these
uncertainties by developing amore robust method for measuring carbonaceous aerosol
concentrations, in particular EC. Thisinvolves developing and testing new standards
and/or reference materid for ingrument calibration. Finally, the proposed gpproach for
correcting the aethalometer should be tested with aerosols emitted from field burning
combustion, mixed aerosol, including non-absorbing aerosols, aswell asin ambient air

with diesd exhaust and environmenta tobacco smoke.
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