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ABSTRACT OF THE DISSERTATION 
 

Physical and Chemical Characterization of Particulate and  
Gas Phase Emissions From Biomass Burning 

 
by 
 

Seyedehsan Hosseini 
 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 
University of California, Riverside, December 2012 

Dr. Heejung Jung, Chairperson 
 
 
 
 

Biomass burning is a dynamic combustion process during which large concentrations of 

particles and trace gases are released into the atmosphere. Trace gases emitted by fires 

include significant amounts of carbon monoxide, nitrogen oxides, volatile organic 

compounds, and long-lived greenhouse gases such as carbon dioxide and methane. This 

work surveys 18 different vegetation types of southeast (SE) and southwest (SW) U.S. 

commonly present in prescribed burns. The work provides key factors for prediction of 

Particulate Matter (PM) and gas phase emissions, and serves as a basis for atmospheric 

models used for land management. It was found that EC/TC ratio is the best surrogate for 

prediction of hydrocarbon emissions, performing better than the commonly used Modified 

Combustion Efficiency (MCE). The emissions factors were observed to decrease 

exponentially with elemental carbon to total carbon ratio (EC/TC ratio) used as an indirect 

measure of fire intensity. No regional/vegetation type dependency was observed for 

hydrocarbon emissions; the emissions tend to change with MCE and fire intensity. PM 

emission factors were found to correlate with EC/TC ratio or MCE. Metals, anion, and 

cation emissions were affected most directly by fuel composition.  
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Chapter One:  Introduction 

Biomass burning is recognized as the largest source of Particulate Matter (PM) and the 

second largest source of trace gases in the atmosphere (Crutzen and Andreae, 1990, 

Yokelson et al., 1996, Akagi et al., 2011). The addition of PM and trace gases into the 

atmosphere can significantly alter its chemical composition and balance and result in serious 

effects on the earth’s climate (Simpson et al., 2006, Lapina et al., 2006). The emissions from 

biomass burning include aerosols, long-lived greenhouse gases (carbon dioxide, methane) 

and short-lived greenhouse gases (ozone, VOC mainly composed of OVOC (Christian et al., 

2004;Christian et al., 2003), nitrous oxides, carbon monoxide and nitrogen oxides (NOx). 

The composition and amount of each compound in the complex mixture of emissions 

depend upon a wide range of parameters related to fuel type, fuel composition, chemical 

composition, packing ratio, fuel moisture, relative amount of smoldering and flaming, wind 

direction and speed, and slope (Andreae and Merlet, 2001, Akagi et al., 2011). 

Unlike greenhouse gases that can only influence the outgoing radiation, aerosols can lead to 

both heating/cooling effects depending on a variety of parameters such as particle size 

distribution, particle morphology and composition of particles. The aerosols can directly 

influence the climate by adsorbing/scattering solar and earth radiation; they can also affect 

the climate through acting as cloud condensation nuclei, thus enforcing heating or cooling 

effects (indirect effect). Particles that are emitted directly from a fire are called primary 

particles; however, in-situ formation of condensable vapors through oxidation process of 
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existing VOCs leads to formation of Secondary Organic Aerosols (SOA) (Kroll and Seinfeld, 

2008). As a result, the amount of PM can change as the smoke ages through heterogeneous 

chemistry and gas-particle phase reactions (Mühle et al., 2007, Phuleria et al., 2007). The 

secondary PM formation can contribute to 60-70% total PM in many rural and urban areas. 

Concentration of ozone as a reactive oxidant in photochemical processes in the atmosphere 

can significantly change. For example, large-scale savanna wildfires in Africa can result in 

regional ozone level of 60-100 ppb, which is similar to the ozone level of polluted urban 

areas (Fishman et al., 1992, Fishman et al., 1990). 

Prescribed burning accounts for a significant fraction of emissions from biomass burning 

and is defined as a vegetation management tool used to mimic the natural role of fire in 

managing wildlife habitat, maintaining/restoring ecosystem health, and mitigating wildfire 

risk by reducing wildland fuel accumulation (Chandler et al., 1983, Wade et al., 1989, Biswell, 

1999). The possibility of using prescribed burning as tool in reducing carbon dioxide 

emissions is investigated by Narayan et al., 2007 and Wiedinmyer and Hurteau, 2010. While 

an advantageous tool, emissions from prescribed burning can deteriorate air quality by 

degrading visibility and increasing ambient concentrations of fine particulate matter and 

ozone levels. Smoke aerosols can alter the radiation budget of the earth, cloud properties 

and climate (Reid et al., 1998, Haywood et al., 2003, Kaufman and Fraser, 1997, Hobbs et al., 

1997). Prescribed burning as a subcategory of biomass burning can considerably change the 

chemical and physical properties of the atmosphere through short- and long-range transport 

(Crutzen and Andreae, 1990, Fishman et al., 1992, Fishman et al., 1990, Warneke et al., 2009, 

Warneke et al., 2010). Epidemiological studies have linked mass concentration of PM2.5 to 
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human morbidity and mortality (Pope III et al., 2009). There is growing evidence of the role 

of particle size distribution and its adverse effect on human health following transport and 

deposition of particles (Pope et al., 2006).  

Between 2002 and 2011 the annual average area treated with prescribed burning was 599 

kHa in the southeastern U.S. (SE: Alabama, Arkansas, Florida, Georgia, Louisiana, 

Mississippi, North Carolina, South Carolina, Tennessee, and Virginia) and 134 kHa in the 

southwestern U.S. (SW: Arizona, California, Colorado, New Mexico, Nevada, and Utah) 

(NIFC, 2012). During the same period, wildfires burned an average of 854 kHa yr-1 in the 

SW and 215 kHa yr-1 in the SE (NIFC, 2012). In California, approximately 15 kHa is 

annually treated using prescribed burning.  

To acquire a burn permit, land managers are required to assess the effect of prescribed burns 

and provide air quality assessment to regulators. Smoke dispersion models and chemistry 

transport models are the necessary tools for simulating the local and regional air quality 

impact of prescribed burns, however, existence of reliable emission factors that are obtained 

experimentally based on appropriate combustion parameters are crucial to the accuracy of 

the predictions.  

 This study provides insight into physical and chemical properties of emissions from 

combustion of vegetation types and fuels that are commonly found in the southeast and 

southwest US and are managed through prescribed burning by Department of Defense 

(DoD) land managers. A total of 9 different fuel types were collected from SW that included 

chamise and scrub oak-Figure ‎1.1, and ceanothus-Figure ‎1.2 from Ft. Hunter Liggett, 
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maritime chaparral-Figure ‎1.3, coastal sage scrub-Figure ‎1.4, manzanita-Figure ‎1.6, and 

California sagebrush-Figure ‎1.5 from Vandenberg AFB, and oak savannah-Figure ‎1.7, oak 

woodland-Figure ‎1.8, and masticated mesquite-Figure ‎1.9 from Ft. Huachuca. From the 

south east, 6 U.S. fuel types were collected, namely, 1 year herbaceous, 2 year herbaceous, 

pocosin, chipped and unchipped hardwood from Camp Lejuene, ‘litter’ from Ft. Benning, 

and Alaskan duff. Samples were harvested in January 2009 and shipped to Missoula, MT to 

be burned in the laboratory.  

The experiments were conducted in February 2009 at the large-scale combustion facility of 

U.S. Department of Agriculture (USDA) Forest Service, Fire Sciences Laboratory, Missoula, 

MT. This laboratory allowed us to use a sophisticated suite of instrumentation that is hard to 

set up in the field. 

Chapter 2 investigates the effect of inclusion of low-density polyethylene in piled silvicultural 

debris on smoke emissions. The results clearly demonstrated that only 3M-octane increased 

with increasing MCE. The statistical analysis revealed that fluoranthene, pyrene, 

indeno(1,2,3-cd) pyrene, and M-cyclo pentane were also affected, however no increasing or 

decreasing trend with increase of polyethylene could be attributed to them.  

Chapter 3 explored the size distribution of smoke from 77 burns of SW and SE fuels 

combusted at the FSL in Missoula, MT. The effect of instantaneous MCE on the geometric 

mean diameter and discussion of how the instantaneous MCE along with geometric mean 

diameter can be used to better differentiate between combustion phases are discussed in this 

chapter.  
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Detailed chemical and physical characterizations of PM from laboratory combustion of SW 

and SE fuels are presented in chapter 4. We used Modified Combustion Efficiency (MCE) to 

calculate relative amount of flaming and smoldering (Ward, D.E. and Radke, 1993). We 

presented fuel moistures, emission factors of PM mass, aerodynamic particle size 

distributions by Multiple Orifice Uniform Deposit Impactor (MOUDI), particle number 

emission factors by Condensation Particle Counter (CPC) and Dekati Mass Monitor 

(DMM). We also reported emission factors of EC/TC components of PM, particle 

inorganics by X-Ray Fluorescence spectrometry (XRF) (Na through Pb), inorganic ionic 

species (Cl-, K+, SO4
2-, Na+, etc.), levoglucosan, and particle-phase Polycyclic Aromatic 

Hydrocarbons (PAH). We also discussed PAH diagnostic ratios of biomass burning.  

Chapter 5 expands on the chapter 4 by investigating emissions of gas-phase PAHs, 

carbonyls, and select volatile organic compounds. We used statistical analysis to find any 

regional or fuel type dependency of emission factors, calculated the best linear fit for the 

plots of emission factors and MCE, and compared them with the same plots vs. EC/TC 

ratio. We also explored how MCE and EC/TC affected the emission factors, and pointed to 

the weaknesses of MCE.  

Chapter 6 defines a carbon ratio (EC/TC ratio) and demonstrates how it could be used as a 

surrogate of fire intensity. From 1991, that Ward and Hardy introduced CE and shortly after 

MCE, this combustion parameter has been widely used for characterization and 

categorization of fire regimes (smoldering/flaming) and emission factors. However, for 

many compounds such as gas-phase PAHs and levoglucosan, MCE could not play a fair role 

similar to what it did for CO, formaldehyde, acetic acid, etc. We will show the ability of 
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EC/TC in representation of emission factors of the same compounds and compare the 

results with MCE plots. 

Chapter 7 summarizes the results of this study and presents conclusions.  
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Figure ‎1.1. . Chamise and scrub oak fuel type – Ft. Hunter-Liggett, Photo taken 1/13/2009. 
Photo by USDA Forest Service 

 

 

Figure ‎1.2. Ceanothus fuel type – Ft. Hunter-Liggett, Photo taken 1/13/2009. Photo by 
USDA Forest Service 
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Figure ‎1.3. Maritime chaparral fuel type – Vandenberg AFB, Photo taken 1/14/2009. Photo 
by USDA Forest Service 

 

 

Figure ‎1.4. Coastal sage scrub fuel type – Vandenberg AFB, Photo taken 1/14/2009. Note 
the presence of black sage (Salvia mellifera). Photo by USDA Forest Service 
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Figure ‎1.5. California sagebrush fuel type – Vandenberg AFB, Photo taken 1/14/2009. 
Photo by USDA Forest Service 

 

Figure ‎1.6. Manzanita fuel type – Vandenberg AFB. Photo taken 1/14/2009. Photo by 
USDA Forest Service 
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Figure ‎1.7 Emory oak savanna fuel type – Ft. Huachuca. Photo taken 1/21/2009. Photo by 
USDA Forest Service 

 

 

Figure ‎1.8. Emory oak woodland fuel type – Coronado National Forest. Photo taken 
1/21/2009 on National Forest because active training prevented access to stands at Ft. 
Huachuca. Photo by USDA Forest Service 
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Figure ‎1.9. Masticated mesquite, desert broom fuel type – Ft. Huachuca. Photo taken 
1/21/2009. Photo by USDA Forest Service 
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Chapter Two:  Effect of low-density polyethylene on 

smoke emissions from debris pile burning 

2.1. Abstract 

Effect of adding low-density polyethylene (LDPE) to piled silvicultural debris on smoke 

emissions was examined in a laboratory experiment. 2 kg mixtures of LDPE and wood 

containing 0, 0.25, and 2.5% LDPE by mass were burned. Gaseous and particulate emissions 

were sampled during the entire flaming and mixed combustion phases and during a portion 

of the smoldering phase. An analysis of variance (ANOVA) coupled with general linear 

model accounting for effects of Modified Combustion Efficiency (MCE), LDPE content 

and block effect was performed on measured individual compounds. MCE ranging between 

0.982 and 0.992 was introduced as a covariate to assist ANOVA better identify the EF 

differences due to PE inclusion. Out of the 195 compounds analyzed by ANOVA, only EF 

of 2M-octane showed increase with increasing PE content. Inclusion of PE had an effect on 

EFs of pyrene and fluoranthene, but no statistical evidence of a linear trend was found. 

Particulate emission factors showed a marginally significant linear relationship with MCE 

(0.05<p-value0.10). Based on the results of the current and previous studies and literature 

reviews, inclusion of small mass proportions of LDPE in piled silvicultural debris does not 

appear to change the emissions produced when low moisture content wood is burned. 
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2.2. Introduction 

Mechanical cutting and piling of woody shrubs and suppressed trees in forests is a common 

silvicultural practice to reduce fire hazard in the United States (Wenger, 1984). These piles 

are burned during periods of low fire danger to dispose of the material. In order to improve 

consumption of the piled debris when it is burned, low-density polyethylene plastic (LDPE) 

is placed over part or all of the pile to keep the piled debris dry. This practice is designed to 

dispose of hazardous fuels while minimizing noxious pollutants due to incomplete 

combustion. LDPE, also known as agricultural plastic, has been used for many years to 

conserve moisture and reduce weeds in row crops (Linak et al 1989).  

In the western United States, silvicultural activities generate approximately 15,000 piles per 

year (McCorison, 2010), equal to 9000 Mg per year assuming an average of 600 kg fuel per 

pile. Assuming that the piles are “clean” (91% combustion efficiency) and that 100 percent 

of the debris is consumed, this level of burning might produce 99 Mg of particulate matter 

of which 59 Mg are particulate matter less than 2.5 µm in size (Hardy 1998). Current air 

quality regulations permit the use of burning to dispose of silvicultural piles; however, 

inclusion of LDPE in silvicultural piles can result in a designation of the pile as waste. Waste 

burning is not permitted in many areas.  

Due to the widespread presence of polyethylene (and other plastics) in municipal waste and 

the use of combustion as a waste disposal mechanism, several studies have examined the 

pyrolysis and combustion products of PE (Kolb et al., 1965, Paabo and Levin 1987, 

Shemwell and Levendis, 2000, Wheatley et al., 1993, Conesa et al., 1994). Paabo and Levin 
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concluded in their literature review that “the toxicity of the combustion products from 

various samples of polyethylenes are not highly or unusually toxic.” Linak et al. (1989) 

measured emissions produced by burning unused and used black agricultural plastic under 

simulated pile and forced air convection burning conditions. They found little difference in 

the variety and quantity of organic compounds between the burning techniques. 

Mutagenicity of organic extractives from particulate matter was similar to that from 

residential wood smoke. Salvador et al (2004) examined the combustion rate and production 

of polyaromatic hydrocarbons (PAHs) from cardboard and polyethylene mixtures 

compressed into fuel bricks of various densities and burned in a cone calorimeter. 

Percentage of LDPE in the mixtures was 0, 5, 10, 20, 33, 70, or 100. Brick density and size 

of the fuel elements had no effect on PAH emissions. The percentage of LDPE in the brick 

controlled the PAH emissions; PAH emissions were high when the percentage of LDPE in 

the composite fuel exceeded 30. Wrobel and Reinhardt (2003) performed a review of bench-

scale studies of combustion and pyrolysis of PE and wood.to estimate the impact of PE in 

silvicultural burn piles on emissions. They concluded that the literature did not provide “an 

unequivocal answer to whether burning PE plastic would have any greater impact on air 

quality than the burning of biomass” and suggested that empirical studies be performed to 

determine the effect of LDPE on emissions from burning piled debris. 

We report results of a laboratory study designed to simulate “an experimental burn using the 

same type of fuel with and without PE sheeting and to quantify the emissions.”  
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2.3. Experimental Techniques and Procedure 

2.3.1. Experimental design and fuel description 

Wrobel and Reinhardt (2003) report dimensions for a typical silvicultural pile as 2.4 m in 

diameter and height and containing approximately 600 kg of woody debris. Assuming a 

cylindrical debris pile with exposed surface area of 23.4 m2, the mass of a 4 mm LDPE sheet 

covering the pile was estimated as 0.87 kg. This yields a mass ratio of PE to woody debris of 

approximately 0.001. In order to determine if inclusion of PE in debris piles has any effect 

on smoke emissions, mass ratios of 0, 0.0025, and 0.025, were selected to cover the range of 

possible mass ratios. Idealized debris piles were composed of a 2 kg mixture of 0, 5, or 50 g 

of PE and manzanita wood (Arctostaphylos sp.). The 4 mm PE was shredded to provide 

homogeneous mixture. Moisture content of two 5 g samples of manzanita wood was 

determined using a Computrac XL1000 moisture analyzer. Density of the PE and manzanita 

was assumed 900 and 700 kg/m3, respectively. Elemental composition of LDPE was 

assumed from the literature. Elemental composition of the manzanita wood was determined 

using ultimate analysis. Approximately 5 g of the fuel sample was finely ground and analyzed 

with a Thermo Fisher Scientific FlashEA 1112 Series Elemental Analyzer.  

The experiments were conducted in the fire laboratory at the U.S. Forest Service Pacific 

Southwest Research Station facility in Riverside. All fires were burned on the same day. 

Three replications of the three polyethylene treatments (0, 5, 50 g) were arranged in a 

randomized complete block experimental design to control for possible effects due to 

changing ambient conditions throughout the day. The fire laboratory is a 12.2 × 12.2 × 11.1 



21 

m (L×W×H) metal building with an unconditioned environment. Total air volume of the 

building is approximately 1380 m3; a high volume (2.4 m3 s-1) of air is introduced at low 

velocity into the building through ducts located along the base of the walls to vent smoke 

through openings in the roof. Each mixture was burned in a 30 cm diameter mesh walled 

basket, ignited with a small quantity of ethanol, and the smoke was collected using a small 

hood and ducting of galvanized steel as shown in Figure ‎2.1. The entrance to the 0.2 m 

diameter × 3 m long sampling duct was a 0.30 to 0.20 m reducer. Holes made in a capped 

tee formed the ports of the sampling duct. The L-shaped sampling probe was oriented with 

the flow with the sampling opening in downstream direction to limit large particles from 

entering the sampling probe. A 0.2 m single-speed duct fan inducted 7 m/s airflow inside the 

duct. Each test lasted 10 minutes after which the fire was extinguished. 

The design of the experiment can be represented a fixed effects linear model, which assumes 

that the effects of various factors on the measured emission factor are, additive: 

                         Eq. ‎2.1 

 

where 
ijEF  is the observed emission factor for a particular chemical species, µ is the overall 

mean emission factor, 
ijMCE  is the modified combustion efficiency, i  is the effect due to 

block i (i=1,2,3), 
j  is the effect due to polyethylene (j=1,2,3; 0, 5, 50 g) and 

ij  is random 

error distributed  20,N  . The general linear model (PROC GLM) routine in SAS 9.3 (SAS 

Institute 2002) was used to estimate the general linear model terms and to test various 

hypotheses using analysis of variance (ANOVA) with 0.05   as the significance level. 
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MCE was included as a covariate because it has been shown to be linearly related to EF 

(Ward and Radke 1993). Inclusion of the covariate reduces the unexplained variance thus 

improving the ability of ANOVA to detect differences due to the polyethylene treatment. 

Similarly, inclusion of the block effect 
j  reduces unexplained variance as well. The key 

hypothesis tests performed are testing to determine if the presence of polyethylene affected 

EF. The initial hypothesis tested in the analysis of variance is that there is no effect due to 

polyethylene stated as follows 

 

0 1 2 3

1

: 0

: 0 for at least one  i

H

H i

  


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
 

 Eq. ‎2.2 

In PROC GLM, we used Type III sum of squares to test the null hypothesis 0H . These sum 

of squares are also called “independent” sums of squares in that the sum of squares 

calculated for an effect in Eq. ‎2.1 is not influenced by other terms in the model. Pairwise 

comparisons of the treatment effect (
j ) were performed if the null hypothesis was rejected 

to determine which of the polyethylene effects differed from each other. The Bonferroni 

option was used to keep the experiment-wise Type 1 error rate at 0.05  . A Type 1 

occurs when we falsely reject the null hypothesis. The general analysis of variance table for 

the experiment illustrates the sources of variation in the dependent variable (
ijEF ) and the 

general form of the statistics used to test the significance of the terms (Table ‎2.1). 

2.3.2. Sampling Media and Instrumentation 

A multi-gas analyzer (PG-250, Horiba) was used to measure NOx, CO, and CO2 

concentrations. Carbonyls were collected at 1.0 LPM onto 2,4-dinitrophenylhydrazine 
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(DNPH) coated silica cartridges (Water Corp., Milford, MA) . Volatile organic compounds 

(VOC) were collected at 100 mL min-1 onto pre-baked 6 mm OD Gerstel Carbotrap™ 300 

Multi Bed glass thermal desorption (TDS) tubes (GERSTEL). Both the DNPH cartridge 

and TDS tube were located downstream of a Teflon® filter. PAHs) were collected 

sequentially; first on a quartz filter and then in a column packed with polyurethane foam 

(PUF) and XAD-4 resin. Particulate matter (PM) was collected on a 47 mm Quartz 

(2500QAT-UP Tissuquartz™ -Pall Corp.) filter and a pre-weighed Teflon® (2μm pore, 

Teflo® Company) filters. The quartz filter was preconditioned at 600°C for 5 hours in an 

oven. The flow rates through Teflon and quartz filters were measured to be 15.6 and 20.1 

liter per minute (LPM), respectively. 

Particle size distributions (5.6 to 560nm) were measured at 1 Hz using an Engine Exhaust 

Particle Sizer (EEPS) (TSI, Model 3090). Prior to entering the EEPS, the exhaust sample 

was diluted with a two stage ejector (TD-110H, Air-Vac Engineering Co.) diluter (Khalek et 

al., 2000) to a final dilution ratio of 17. Dilution air was cleaned in a series of units that 

removed water, hydrocarbons and particles (Agrawal et al., 2009). 

2.3.3. Off-line Analytical Methods 

Samples collected at the test facility were returned to a laboratory for subsequent analysis of 

carbonyls, VOCs, PAHs, PM mass and composition using the following protocols 

(Table ‎2.2): 

Carbonyls. DNPH cartridges were analyzed for carbonyls following a modified SAE 

930142 HP protocol (Siegel et al., 1993). The cartridges were extracted with acetonitrile and 
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injected into Agilent 1200 series high performance liquid chromatograph (HPLC) equipped 

with a diode array detector. The column used was Deltabond AK resolution (200cm × 

4.6mm I.D.) with an upstream guard column.  

C3-C10. CarboTrap™ 300 Multi Bed tubes were injected into an Agilent® 6980 GC-FID 

system via a Gerstel® Thermal Desorption System (TDS) by ramping the injector from -40 

to 250 °C at a rate of 6 °C/min. Chromatographic separation and hydrocarbon 

quantification followed the methods outlined in the SAE 930142 HP protocol (Siegl et al 

1993).  

PAHs and C10-C30 hydrocarbons. Quartz filters and PUF/XAD resin were analyzed 

according to a modified EPA TO-13A protocol. Both substrates were spiked with 

deuterated standards and extracted with methylene chloride using a Dionex® Automated 

Solvent Extractor (ASE-200) (60 min, 250 °C). The extracts were Roto-evaporated and 

further concentrated with ultra-high pure nitrogen or helium stream. Samples were 

introduced to an Agilent® 5973 GC-MS using a programmable temperature vaporizer (PTV) 

large volume inlet (7683 Series). 

Elemental and organic carbon: A 1.5 cm2 quartz filter punch was analyzed for elemental and 

organic carbon with a Sunset Laboratory (Forest Grove, OR) Thermal/Optical Aerosol 

Analyzer according to the NIOSH 5040 reference method (NIOSH 5040, 1999).  

Particulate mass: The PM mass was determined from the Teflon filter pre- and post- 

weights. Both tare and final weights were measured with a Cahn C-35 (Madison, WI) 
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microbalance in a temperature and humidity controlled room following the Code of Federal 

Regulations (40 CFR Part 1065). Table ‎2.2 provides summary of offline analysis methods. 

2.4. Results and discussion 

2.4.1. Fire and Smoke Characteristics 

The nine simulated debris piles were burned on Nov 04, 2008. Mean moisture content of the 

manzanita wood was 30% (dry weight basis), which resulted in good combustion once 

ignited. Initially, the smoke was observed to be white in color indicating the presence of 

water vapor. During the early stage of the burn (< 60 s) the PE typically melted and 

combusted. Approximately three minutes after ignition, the opacity of the white smoke was 

greatly reduced and the smoke plume became transparent with active flaming up to 2 m in 

height. Based on fire video records, the presence of PE appeared to decrease the duration of 

the initial phase (before flaming phase dominated); however, a student t-test conducted on 

the duration of initial phase results in a marginal significance a p-value of 0.068. After 10 

minutes of the burn the amount of visible smoke was reduced significantly and sampling 

ceased. The 10-minute period captured emissions from the flaming and mixed phases and 

some of the smoldering phase. While the presence of PE may have reduced the time until 

the flaming phase was dominant, the PE treatments did not significantly affect MCE. 

2.4.2.  Fuel Composition Analysis 

The carbon content (mass basis) of manzanita wood and polyethylene was determined to be 

41.3 % and 86%, respectively (Table ‎2.3). Using 41 and 86% carbon content for manzanita 

wood and PE, respectively, addition of 50 g of PE to 1.95 kg of manzanita wood added 43 g 
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carbon to the 820 g carbon in the wood. The difference between carbon content of the 

mixture and the wood is less than 1%; therefore, we assume that the fuel composition of the 

simulated debris pile did not significantly change due to addition of 5 or 50 g of PE. 

2.4.3. Emission Factors 

Emission factors are normally calculated and reported based on the amount of emissions per 

unit mass of fuel burned. A common measure of fire combustion efficiency is the Modified 

Combustion Efficiency (MCE) (Eq. ‎2.3) (Yokelson et al., 1996), 

     
    

        
  Eq. ‎2.3 

where ΔCO2 and ΔCO refers to the difference between the measured and background 

values. MCE was used to find correlation with PM2.5 emissions. In this study we did not 

measure the amount of residual carbon in the char; therefore emission factors are calculated 

based on the amount of carbon dioxide released over the entire 10 min measurement period. 

Our data show that basing the calculations on CO2 is a reasonable approach given that 

carbon from other sources – carbon monoxide, hydrocarbons, and PM – is much smaller 

(<1%) than the carbon released as carbon dioxide.  

Jenkins and Ebeling (1985) reported that the carbon content of manzanita is 48.2%. The 

carbon content of manzanita wood and foliage has also been reported as 48 and 53% 

(McMeeking et al., 2009, Burling et al., 2010) suggesting differing proportions of wood and 

foliage, different species or individual vegetation, site differences, or collection time, etc. A 

carbon content of 41.3% was determined by ultimate analysis of the manzanita for this study 

(Burling et al., 2010, Hosseini et al., 2010, Hosseini et al., 2012). Because all the emission 
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factors in this study were based on kg CO2, a factor of 1.8 can be used to convert all the 

emission factors from per kg CO2 to per kg fuel. 

To our knowledge, many of these compounds are reported for this fuel type for the first 

time. These values are the 
ijEF  (Eq. ‎2.1) which were then subjected to analysis of variance 

and hypothesis testing to determine the significance of the independent terms (RHS) in 

Eq. ‎2.1. ANOVA was used to test the significance of the effects in Eq. ‎2.1 on the EF for 

each of these 195 compounds (Table ‎2.4) 

2.4.3.1. Carbon Monoxide and Nitric Oxides 

Gas phase emissions were integrated over each burn and normalized against fire-average 

integrated CO2. As shown in Table ‎2.5, average CO emission factors were 13.5±2.4, 

12.6±2.6, and 9.9±1.4 g/kg CO2 for 0, 0.25, and 2.5 wt% PE, respectively (average ± 

standard error). While the CO emissions reduced 7 and 27% at 0.25 and 2.5 wt% PE, the 

average values were not significantly different. We attribute this to better combustion 

efficiency of these burns (referred to a higher MCE as shown in Table ‎2.5). Note that the 

multi-gas analyzer got saturated for a portion of 0 wt% PE tests for CO. Therefore, actual 

CO emission factors in case of 0% PE should be higher than reported here and the 

reduction of CO emissions with inclusion of PE against 0wt% PE burn should be higher 

than we are reporting. The coefficients of variation (CVs) for this study were 18, 21, and 

14%; the high values reflect the difficulty of replicating burn conditions. Note that reduction 

of CO emission factor due the use of PE cover for actual silvicultural piles is very effective 

due to the fact that fuel without PE is exposed to moisture which causes more smoldering 
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combustion and ultimately CO emissions. In this study, we did not consider moisture effects 

caused by PE cover.  

Table ‎2.5 presents NOx emission factors as NO of 1.53±0.09, 1.83±0.05 and 1.95±0.07 

g/kg CO2 for 0, 0.25 and 2.5 of PE, respectively. NO emissions increased 19 and 28% at 

0.25 and 2.5%. NOx is predominantly released during the flaming phase of the burns. Past 

research suggested that NOx emissions in biomass burning depend on fuel nitrogen content 

(Andreae and Merlet, 2001, McMeeking et al., 2009). However, Burling et al., 2010 showed 

that for a specific fuel type, NOx emissions normalized to fuel nitrogen is correlated with 

modified combustion efficiency (MCE). Since the fuel nitrogen content was (~1 wt.%) and 

Linak et al. (1989) measured no NOx formation from combustion of agricultural plastic, it is 

inferred that the increase in NOx formation might be due to increase in combustion 

efficiency with addition of PE. However, no significant difference in the  

2.4.3.2. Gaseous C3-C12 

In addition to criteria pollutants, emission factors for selected volatile and semi-volatile 

hydrocarbons with carbon numbers between C3-C13 were measured (Table ‎2.8 and 

Table ‎2.9). Overall, the results show that propane, trans-2 pentene, 2-methyl-propene made 

up ~19-30% of the total aliphatic hydrocarbons. These emission factors fall within the lower 

range of the values reported in the literature. For example, EF of butane in this study was 

5.0-8.5 mg/kg fuel burned, while McDonald et al., 2000a reported 1.7-17.4 mg/kg fuel for 

wood combustion (ponderosa pine, oak, etc.) in fireplace/woodstove and Schauer et al., 

2001 reported 28.9 mg/kg fuel burned for Australian woods. Pentene ranged between 4.4-
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9.9 mg/kg compared to 8.69-13.12 mg/kg of McDonald et al., 2000a and 4.7 mg/kg of 

Schauer et al., 2001. Our EFs are lower most likely due to high MCE values of the burns in 

the current study and more complete combustion of the fuel. An ANOVA analysis indicated 

that only 3M-octane was significantly affected and increased by the increase in PE content 

(p<0.01) and the emissions of the rest of alkanes, cycloalkanes, alkenes, and cyclo-alkenes 

were independent of the amount of PE added to the fuel.  

2.4.3.3. Diolefins 

Diolefins were 1-3% of total VOCs mass and emission factors of 1,3- butadiene are in the 

range of 2.6 -15.7 mg/kg CO2 released with an average of 7.21 mg/kg CO2 (Table ‎2.9).In 

mg/kg fuel burned, the 1,3-butadiene emission value is almost half of the lower range of 

McDonald et al., 2000a for 2.5wt% PE (28.7 vs. 62 mg/kg fuel burned) and a factor of ten 

smaller for the other two cases. The 0.25% PE case is one-third of 1,3-butadiene EF of 117 

mg/kg fuel burned reported by Schauer et al., 2001. No trend with increasing PE content is 

observed. No statistically significant trend or difference with increasing PE content was 

recognized in this group. 

2.4.3.4. Monocyclic aromatics 

Emission factors of mono-cyclic-aromatic hydrocarbons are also presented in Table ‎2.9. For 

this group, benzene is about 70% of the total monocyclic aromatic fraction, a value 

consistent with the findings of Schauer (2001) in which there were no PE added to the 

wood. Although the average values decreased with increasing PE content, no significant 

differences were observed between different treatment groups. 
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Emission factors of benzene, toluene and xylene isomers (m, p and o) are shown in Table ‎2.8. 

The measured mass for the sum of BTEX group (210-270 mg/kg fuel burned) is 

comparable with lower range values reported by McDonald et al., (2000a) and Hedberg et al., 

(2002) of 420-1608 and 215-7481 mg per kg fuel burned, respectively. The average 

toluene/benzene ratio for this study was 0.24, 0.25, and 0.24 for 0, 0.25%, and 2.5% PE, 

respectively comparable with 0.26-0.58 reported by McDonalds et al. The same ratio from 

the study of Hedberg et al, 2002 was 0.4 inferring relatively higher toluene in that study. 

PAH EFs are divided into two sub-categories of particle-phase and gas-phase PAHs 

(Table ‎2.7). Among gas-phase PAHs, naphthalene, acenaphthylene, phenanthrene are the 

most abundant, and among particle-phase PAHs benzo(ghi)perylene, benzo(a)pyrene, 

indeno(1,2,3-cd)pyrene had the highest emission rates. The sum of gas phase PAHs 

decreased with increasing PE content; however, no significant difference was observed. 

ANOVA analysis revealed that the particle phase fluoranthene and pyrene were affected by 

inclusion of PE (0.01<p<0.05), however no statistical evidence of increasing/decreasing 

trend could be found for these compounds. The differences in treatment values of EFs of 

Fluorene, Phenanthrene, and anthracene were marginally significant (0.05<p-value<0.10). It 

is worth to note that Jenkins et al., (1996) showed that a more robust vigorous fire might 

lead to lower formation rate of PAH due to the shortening of initial smoldering phase. 

2.4.3.5. Carbonyls 

Only formaldehyde, acetaldehyde, and hexanal made up the 50% of the aldehyde and 

ketones for this study (Table ‎2.6). Inclusion of PE in the wood did not affect the ratio of 
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carbonyls to VOCs. Formaldehyde was emitted at the highest rate of all carbonyls with the 

average emission factor of 372±138, 594±288, and 265±79 mg/kg CO2 for 0, 0.25 and 

2.50% PE, respectively. Emission factors for acetaldehyde, and hexanal were next highest 

rates. Aldehydes and ketones were not affected by addition of PE. 

2.4.3.6. Particulate Matter: 

The fire average PM2.5 emission factors for the three cases of 0.0, 0.25, and 2.50 wt% PE are 

presented in Table ‎2.5. On average, the PM emission factors did not show any decreasing or 

increasing pattern with increasing PE content and were 1.97±0.50, 1.85±0.37, and 2.01±0.50 

g/kg CO2 for cases of 0.0, 0.25 and 2.5wt% PE, respectively. Considering the variations, 

different PE contents didn’t show any pattern of increasing or decreasing PM mass emission 

factors of the particulate matter mass and the differences can be attributed to observed 

variations in MCE (0.05<p-value<0.10). 

The particulate matter mass emission factors are plotted against MCE in Figure ‎2.3. As can 

be seen, the calculated MCEs are very high (ranged between 0.983 and 0.993) due to the fact 

that flaming/mixed phase was dominant during the 10 min measurement time. The EFPM 

was weakly correlated to MCE (R2=0.50) with all data points but when we excluded one 

outlier the correlation became much better (R2=0.93).  

Reconstructed mass of particulate matter (PM) based on EC/OC versus PM mass from 

gravimetric measurements of Teflon filters is shown in Figure ‎2.4. This was done assuming 

PM mass is equal to mass of organic matter (OM) added to mass of elemental carbon (EC) 

(EFPM = EFOC×factor + EFEC). Using OM-to-OC ratio of 1.55 as suggested by McMeeking 
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et al. 2009 and Leving et al., 2010 resulted in a best linear fit with slope of 1.00 and 

coefficient of variation of 0.87 between the two variables of gravimetric PM mass EF and 

constructed PM mass EF. The factor used is also within the range suggested by Reid et al., 

2005 for biomass burning. 

2.4.3.7. PM size distributions 

 Figure ‎2.5 represents the particle number size distributions obtained by EEPS. These two 

contour graphs are for two typical burns. Hosseini et al., (2010) showed that the Geometric 

Mean Diameter (GMD) of the particle size distribution is a function of instantaneous 

modified combustion efficiency, and that GMD decreases from flaming to smoldering 

phase. For 0% PE case intermittent increase of GMD is shown until 80s reflecting sporadic 

flame spread. From 80 to ~200s GMD shows continuous and smooth decrease due to more 

stable flame spread and combustion phase change into vigorous flaming phase. Flaming 

phase reduces GMDs for two reasons: First due to strong buoyant flow resulting in higher 

entrainment and therefore less particle growth, second better oxidation of hydrocarbons 

which can lead to larger particles unless oxidized. Total particle concentrations decreases as 

the combustion progresses from flaming to smoldering phase. For 2.5 wt% PE case GMD 

increases smoothly in a shorter time span reflecting stable flame spread due to the inclusion 

of shredded PE sheets. Past 100s total particle concentrations decrease as combustion 

progresses from flaming to smoldering phase. Overall inclusion of PE shortened flame 

spread period and advent of flaming phase, which may have led to better combustion 

efficiency or MCE (p-value of 0.07).  
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2.5. Summary and Conclusions 

In this study, the effects of adding polyethylene plastic to piled silvicultural debris on smoke 

emissions were examined using a simplified laboratory experiment. Shredded LDPE was 

mixed with manzanita wood to produce 2 kg piles containing 0, 0.25, and 2.5% LDPE by 

mass. The piles were ignited and gaseous and particulate emissions were sampled during the 

entire flaming and mixed combustion phases and during a portion of the smoldering phase.  

Based on analysis of variance, the PE treatment affected emissions of only 2 of the 195 

compounds (Table ‎2.4). 
j  increased as the amount of polyethylene increased for 3M-

Octane (Eq. ‎2.1). Increase in polyethylene content had an effect on the emissions of 

fluoranthene and pyrene in particle form, but there was no statistical evidence of a linear 

trend in the effect. MCE was a significant covariate for three compounds as well and ranged 

from 0.982 to 0.992. Although CO emissions reduced 7 and 27% and NOx emissions 

increased 19 and 28% at 0.25 and 2.5 wt% PE, the variations in the data was such that the 

statistical tests could not detect differences due to increase in PE content. We attributed this 

to better combustion efficiency when PE is added to debris piles. Particulate emission 

factors also showed statistically marginal significance in relation with MCE regardless of PE 

content. The rest of PAHs and Carbonyls did not show any trend with PE contents. 

Diolefins were 1-3% of total VOCs mass and showed no trend with PE contents. 

In summary, changes in criteria pollutant concentrations and selected compounds could be 

attributed to improve in combustion efficiency with addition of small amount of PE. These 

results support the conclusion of an earlier study in which negligible effect of LDPE on 
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PAH emissions was observed in compressed mixtures of cardboard and LDPE until LDPE 

comprised more than 30% of the mass of the mixture. Based on the results of this study, 

previous studies and literature reviews, inclusion of small proportions (of total mass) of low 

density polyethylene in piled silvicultural debris does not appear to significantly change the 

emissions produced when low moisture content wood is burned. The study did not examine 

the influence of LDPE on emissions of wet woody fuels nor did it quantify effects on 

burning rates. 
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(a) 0.25 wt% PE 

 

(b) 2.50 wt% PE 

Figure ‎2.1. figure (a) represents a picture of the fuel bed containing manzanita mixed with 
0.25 wt% PE. In figure (b) the fuel bed containing manzanita mixed with 2.50 wt% is 
shown. 
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Figure ‎2.2. Schematic illustration of experimental setup 

 

 

Figure ‎2.3. Particulate matter mass emission factor (g/ kg CO2) as function of Modified 
Combustion Efficiency (MCE)- R2 is calculated excluding the outlier point (including all 
points R2=0.50). 
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Figure ‎2.4. EFPM.is plotted versus re-constructed PM mass based on the emission factors of 
Elemental Carbon (EC) and Organic Carbon (OC); Solid line shows the regression line with 
slope 1 and correlation coefficient of 0.87. 
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(a) 0.0 wt% PE 

 

(b) 2.5 wt% PE 

Figure ‎2.5. Contour graphs shown for two different PE contents; (a) 0.0 wt% (b) 2.5 wt% 
PE. The data is captured using a Model 3090 Engine Exhaust Particle Sizer (EEPS) 
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Table ‎2.1. General form of analysis of variance used to test effect of polyethylene plastic on 
emission factors produced by the burning of manzanita wood. 

 

Source df
1
 Sum of squares Mean square F-statistic 

Model 5 SS(model) ( ) ( ) /MS model SS model df  ( )

( )

MS model

MS error
 

MCE 1 SS(MCE) ( ) ( ) /MS MCE SS MCE df  ( )

( )

MS MCE

MS error
 

Block 2 SS(β) ( ) ( ) /MS SS df   ( )

( )

MS

MS error


 

Polyethylene 2 SS(τ) ( ) ( ) /MS SS df   ( )

( )

MS

MS error


 

Error 3 SS(error) ( ) ( ) /MS error SS error df   

Total Corrected 8 SS(total)   

 

1
 Degrees of freedom. The interested reader is referred to any general statistics text (e.g. Cox 2012) 

for further explanation of the composition of an analysis of variance table. 

Table ‎2.2. Summary of sampling media, analytes and method of analysis 

Sample Analyte Method 

Teflon Filters PM mass Code of Federal Regulation (40 CFR Part 1065) 

Quartz Filters PAHs and 

EC/OC 

NIOSH 5040 (1996), EPA TO-13A protocol 

DNPH cartridges Carbonyls SAE 93142 HP protocol 

TDS tubes VOCs C4-C12 Improved Emissions Speciation Methodology for 

Phase II of the Auto/Oil Air Quality Improvement 

Research Program- Hydrocarbons and 

Oxygenates (Siegl et al 1993) 

PUF/XAD 

cartridges 

PAHs / alkanes EPA TO-13A protocol 
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Table ‎2.3. Mass-based fuel component and fuel bed elemental composition. 

Element 
Fuel

1
 

PE
2
 Manzanita 5g PE pile

3
 50 g PE pile 

C  86.00 41.30 41.41 42.42 

N  0.00 1.00 1.00 0.98 

O  0.01 42.70 42.59 41.64 

H 13.90 5.74 5.76 5.94 

S 0.40 0.20 0.20 0.20 

 
1
 Elemental composition determined using a Thermo Fisher Scientific 

FlashEA 1112 Series Elemental Analyzer. Values are percentage of 
total mass. 
2
 Mean of published information. 

3
 Estimated mass-weighted composition. Example: 

 (  )     (    )

    
       

 

Table ‎2.4. Chemical species for which polyethylene plastic and modified combustion 
efficiency had an effect on emissions produced by burning manzanita wood 

Chemical species MCE
1
 PE 

treatment 

Trend
2
 

PM mass(particle) M   

Acetone(gas) M   

Anthracene(particle) M   

Benzo(a)pyrene(particle) M   

Dibenzo(a,h)anthra. 

(particle) 

M   

Fluorene (gas)  M  

Phenanthrene(gas)  M  

Anthracene(gas)  M  

Fluoranthene(gas)  *  

Pyrene(gas)  *  
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Chemical species MCE
1
 PE 

treatment 

Trend
2
 

Indeno(1,2,3-cd)pyrene 

(gas) 

 M  

Propane(gas) M   

3,3-DM-Pentane (gas) M   

3,3-DM-Hexane(gas) *   

E-CycHexane(gas) M   

3M-Octane(gas)  ** I 

M-CycPentane(gas) * M  

1M-3E-Benzene(gas) M   

1
MCE- test of significance of modified combustion 

efficiency as a covariate, Means- test of equality 

of means for polyethylene levels 

             {

         
              
            

 

2
Test to determine if mean EF responds to 

change in amount of polyethylene, 

{
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Table ‎2.5. Emission factor of gases CO and NOx and also Particulate Matter (PM) mass, 
Elemental Carbon (EC), and Organic Carbon (OC) in g per kg CO2.  

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (g/kg fuel burned) 

MCE 0.9867±0.0023 0.9876±0.0025 0.9902±0.0013 0.948±0.007
a
, 0.930±0.029

b
 

CO 13.5±2.4 12.6±2.6 9.9±1.4 64.3±8.0
a
 

NOx as 
NO 

1.531±0.093 1.827±0.054 1.955±0.066 2.67±0.21
 a
 

PM mass 1.97±0.50 1.85±0.37 2.01±0.50 
3.61±1.17 

a*
, 23.5±25.9

b
, 3.3-11.4

c
, 

2.5-9.0
d
, 0.1-2.5

e
, 5.1-9.5

f
 

EC 0.379±0.062 0.536±0.199 0.575±0.166 
0.51±0.18

 a
, 0.35±0.31

b
, 0.22-3.56

c
, 

1.4-3.2
f
 

OC 0.91±0.24 0.91±0.14 0.97±0.38 
0.85±0.71

 a
, 14.8±17.3

b
, 2.34-8.37

c
, 

43.7-56.0
f
 

*
MCE, Modified Combustion Efficiency

 a
 based on a study done on 

southwestern and southeastern fuels of the same fuel type (Manzanita), 

at Forest Service Fire Lab, Missoula, Montana 
b
 PM2.5: McMeeking et 

al., 2009, the same fuel type and the same lab; most of the fuel masses 

were between 100-250 g 
c
 Fine et al., 2001, red maple, northern red 

oak, paper birch, eastern white pine, eastern hemlock, and balsam fir 

grown in northern U.S. 
e
 PM2.5: Hedberg et al., 2002, birch wood 

combustion in a woodstove 
f
 Schauer et al., 2001, residential fireplace 

combustion of pine, oak, and eucalyptus 
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Table ‎2.6. Emission factor of aldehydes and ketones through analysis of the DNPH 
cartridges. Units are in mg per kg CO2.  

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel burned) 

Acetone 50±18 40±11 46±14 366
 b
, 749

c
, 73.9±16.2

d
 

Formaldehyde 206±77 330±160 147±44 113-245
a
, 422

b
, 1165

c
, 174.8±52.5

d
 

Acetaldehyde 127±55 208±86 87±25 301-425
 a
, 86

 b
, 1704

 c
, 92.7±21.9

d
 

Propionaldehyde 19.9±8.5 30.8±11.7 13.8±5.5 80-150
 a
,7.6, 255

 c
, 7.5±15.1

d
 

Crotonaldehyde 
(butenal) 

12.5±5.0 19.8±8.6 9.9±3.8 276
c
 

MEK 3.9±1.3 6.0±2.3 2.7±1.4 8.3
 b
, 215

c
 

Methacrolein 23.5±10.3 26.9±10.2 15.2±8.0 1.8
 a
, 23

c
 

Butyraldehyde 5.4±1.9 7.9±2.8 5.9±3.3 19-36
 b
, 96

c
, 52.1±18.2

d
 

Benzaldehyde 8.4±3.3 12.5±4.6 7.8±0.9 12
 b
 

Valeraldehyde 4.0±1.1 6.4±2.0 2.8±1.6 7-18
 a
,1.1

 b
, 85.9±37.4

d
 

Tolualdehyde 4.5±2.7 6.6±1.4 2.4±0.2 0.9
 b
 

Hexanal 120±47 183±74 91±36 34.6
 b
, 89.0±37.5

d
 

Acrolein 33±14 62±40 20±9 46-91
 a
, 63

c
 

Sum 618±109 940±201 452±65  

a
 McDonald et al., 2000a (fireplace softwood, hardwood, and 

woodstove), Cottonwood, birch, aspen, and oak. 
b
 Hedberg et al., 2002, 

birch wood combustion in a woodstove 
c
 Schauer et al., 2001, 

residential fireplace combustion of pine, oak, and eucalyptus 
d
 based on 

a study done on southwestern and southeastern fuels; manzanita 

(wood+foliage) at Forest Service Fire Lab, Missoula, MT 
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Table ‎2.7. Gaseous emission factors of Poly Aromatic Hydrocarbons (PAH) for the 
laboratory combustion of Manzanita mixed with PE, the units are in mg per kilogram CO2 
released. 

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE 
Other ref. (mg/kg 

fuel burned) 

Particle-phase Poly Aromatic Hydrocarbons (PAH) 

Naphthalene 71±23 38±6 53±35 
21-54

a
, 18.34±14.05

d
, 

38.1±31.9
f
 

Acenaphthylene 43±33 12±4 8±4 
5-9

a
, 1.01-2.66

e
, 

14.2±12.2
f
 

Acenaphthene 0.82±0.45 0.54±0.12 0.31±0.15 
0.41-0.89

a
, 0.18-

2.51
e
, 0.2±0.1

f
 

Fluorene 3.4±1.7 2.3±1.0 1.3±0.5 
2.15-3.50

a
, 0.05-

0.92
e
, 0.2±0.1

f
 

Phenanthrene 10.5±7.0 5.7±2.1 3.4±0.7 1.99-3.94
e
, 5.8±1.8

f
 

Anthracene 1.15±0.48 0.94±0.31 0.35±0.19 0.32-1.27
e
, 6.3±1.4

f
 

Fluoranthene 1.02±0.21 1.11±0.36 1.02±0.18 0.52-2.86
e
, 1.2±0.2

f
 

Pyrene 1.03±0.20 2.17±1.16 1.12±0.05 0.45-1.47
e
, 1.1±0.5

f
 

Benz(a)anthracene 0.039±0.018 0.048±0.035 0.021±0.011 0.21-0.40
e
, 0.04±0.06

f
 

Chrysene 0.029±0.010 0.027±0.018 0.015±0.005 
0.75-1.14

c
, 0.21-

0.34
e
, 0.04±0.05 

Benzo(b)fluoranthene 0.059±0.025 0.063±0.056 0.018±0.015 
0.40-0.79

c
, 0-0.05

e
, 

0.09±0.12
f
 

Benzo(k)fluoranthene 0.008±0.002 0.024±0.005 0.022±0.009 
0.29-0.67

c
,0-0.13

e
, 

0.02±0.01
f
 

Benzo(a)pyrene 0.032±0.006 0.076±0.058 0.040±0.023 0.25-0.71
c
, 0.03±0.03

f
 

Indeno(1,2,3cd)pyrene 0.013±0.001 0.053±0.037 0.017±0.008 n.d.
e
, 0.03±0.04

f
 

Dibenzo(a,h)anthra. 0.013±0.006 0.055±0.035 0.015±0.008 n.d.
e
, 0.05±0.07

f
 

Benzo(ghi)perylene 0.043±0.016 0.148±0.112 0.031±0.009 0-0.002
e
, n.d.

f
 

Sum 132±41 63±7 68±35  

     

Gas-phase Poly Aromatic Hydrocarbons (PAH) 
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE 
Other ref. (mg/kg 

fuel burned) 

Fluorene 0.056±0.015 0.124±0.019 0.108±0.011 
27.4

b
, 73-269

d
, 

0.04±0.06
f
 

Phenanthrene 0.122±0.035 0.247±0.015 0.202±0.021 
10-17

a
, 99.1

b
, 

0.21±0.20
f
 

Anthracene 0.0101±0.0024 0.0287±0.0061 0.0153±0.0012 
19.3b, 1-50

d
, 

0.04±0.03
f
 

Fluoranthene 0.095±0.021 0.278±0.061 0.134±0.008 
1.75-3.99

a
, 19.3

b
, 

286-1083
d
, 0.22±0.14

f
 

Pyrene 0.116±0.031 0.273±0.027 0.163±0.006 
1.49-3.39a, 25.5b, 
1.87-2.70c, 222-
1080

d
, 0.74±0.84

f
 

Benz(a)anthracene 0.112±0.040 0.357±0.092 0.131±0.046 
0.31-0.56

a
, 3.5

b
, 127-

249
d
,
 
0.23±0.08

f
 

Chrysene 0.096±0.033 0.287±0.070 0.142±0.028 
0.28-0.61

a
, 4.1

b
, 107-

253
d
,0.18±0.16

f
 

Benzo(b)fluoranthene 0.26±0.12 0.40±0.18 0.21±0.04 
0.51-1.05

a*
, 6.1

b
, 36-

157
d
, 0.67±1.00

f
 

Benzo(k)fluoranthene 0.081±0.036 0.112±0.037 0.083±0.019 
0.51-1.05

a*
, b.d.

b
, 

3.23±2.91
f
 

Benzo(a)pyrene 0.18±0.08 0.57±0.19 0.50±0.34 0.15-0.34
a
, 0.09±0.10

f
 

Indeno(1,2,3-
cd)pyrene 

0.21±0.10 0.67±0.19 0.45±0.27 
0.07-0.19

a
, 3.6

b
, 39-

164
d
, 0.06±0.03

f
 

Dibenzo(a,h)anthra. 0.04±0.01 0.22±0.12 0.30±0.24 
b.d.

b
, 3-11

d
, 

0.02±0.01
f
 

Benzo(ghi)perylene 0.28±0.13 0.80±0.20 0.63±0.39 
0.07-0.22

a
, 2.6

b
, 

0.44
c
, 25-70

d
, 

0.11±0.07
f
 

Sum 1.66±0.23 4.36±0.42 3.07±0.63  

b.d. and n.d. indicate compound was below detection limit or not 

detected in that study. 
a 

McDonald et al., 2000a (fireplace softwood, 

hardwood, and woodstove), cottonwood, birch, aspen, and oak 
b
 

Hedberg et al., 2002, birch wood combustion in a woodstove 
c
 Schauer 

et al., 2001, residential fireplace combustion of pine, oak, and 

eucalyptus 
d
 Fine et al., 2001, red maple, northern red oak, paper birch, 

eastern white pine, eastern hemlock, and balsam fir grown in northern 
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U.S. 
e
 Jenkins et al., 1996, included here of this study are wood from 

almond, walnut, and fir trees 
f
 based on a study done on southwestern 

and southeastern fuels; ; manzanita (wood+foliage) at Forest Service 

Fire Lab, Missoula, MT 
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Table ‎2.8. Emission factor of Volatile Aromatic Compounds in mg per kg CO2; results from 
analysis of Thermal Desorption Spectroscopy (TDS) tubes. 

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE 
Other ref. (mg/kg fuel 

burned) 

Benzene 105±70 102±13 83±22 
225-110

a
, 1500

b
, 383

c
, 411.8± 

67.1 
d
 

Toluene 25±20 26±6 20±8 
130-320

a
, 740

b
, 158

c
, 148.9± 

22.9
d
 

m&p-xylene 6.6±6.0 4.1±2.0 5.6±4.1 41-72
a
, 125

b
, 60

c
, 34.8± 4.3

d
 

o-Xylene 2.20±1.76 1.53±0.50 1.39±0.59 16-27
a
, 20

b
, 18

c
, 9.0 ± 4.2 

Styrene 9.2±8.0 8.3±3.3 7.6±3.3 40-117
a
 

Indane 0.016±0.008 0.048±0.024 0.050±0.032 0-0.12
a
 

Sum 148±74 142±15 118±24  

a
 Mcdonald et al., 2000b (fireplace softwood, hardwood, and 

woodstove), Cottonwood, birch, aspen, and oak. 
b
 Hedberg et al., 2002, 

birch wood combustion in a woodstove 
c
 Schauer et al., 2001, 

residential fireplace combustion of pine, oak, and eucalyptus 
d
 based on 

a study done on southwestern and southeastern fuels; manzanita 

(wood+foliage) at Forest Service Fire Lab, Missoula, MT 

 

Table ‎2.9. Estimated emission factors of alkanes, cycloalkanes, alkenes, cycloalkenes, 
diolefins, and monocyclic aromatic hydrocarbons produced by the burning of manzanita 
wood-polyethylene plastic mixtures in mg/kg CO2. 

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

Alkanes 

Propane 14±6 45±33 9±4 107-167
a
, 169

b
 

2M-Propane 2.42±1.02 1.22±0.51 2.14±0.89  

2M-Propene 7.4±5.0 13.5±4.9 11.4±7.3  

Butane 4.7±2.7 2.8±1.9 3.3±3.0 1.68-17.36
 a
, 25.9

 b
 

2,2-DM-Propane 3.5±1.5 3.5±0.9 1.4±0.8  

Pentane 5.9±3.1 5.8±1.8 2.5±1.6 8.69-13.12
 a
, 4.7

 b
 

2,2-DM-Butane 3.3±1.6 8.7±4.2 1.8±1.3  
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

CycPentane 3.1±2.8 0.1±0.1 0.6±0.6  

2,3-DM-Butane 7.6±6.1 11.3±10.0 1.9±1.4  

2M-Pentane 2.14±1.13 1.56±0.66 3.00±0.31  

3M-Pentane 1.69±0.46 2.01±0.15 2.56±0.97  

Hexane 2.5±2.0 3.2±2.3 5.5±4.9 6.01-12.30
 a
 

2,2-DM-Pentane 0.14±0.07 0.26±0.10 0.26±0.19  

2M-Butane 3.5±1.9 5.9±3.6 11.7±9.2  

2,4-DM-Pentane 0.91±0.80 0.67±0.53 0.30±0.27  

2,2,3-TM-Butane 0.33±0.13 0.42±0.26 0.59±0.56  

3,3-DM-Pentane 1.49±1.34 0.70±0.51 0.22±0.10  

CycHexane 0.28±0.06 0.27±0.15 0.96±0.83  

2M-Hexane 0.63±0.52 1.88±1.19 0.36±0.24  

2,3-DM-Pentane 0.26±0.19 0.22±0.08 0.59±0.32  

3M-Hexane 0.30±0.24 0.44±0.08 0.56±0.48  

c-1,3-DM-
CycPentane 

0.05±0.01 0.06±0.01 0.80±0.46  

3E-Pentane 0.59±0.52 0.27±0.14 0.30±0.17  

2,2,4-TM-Pentane 0.40±0.39 0.42±0.26 0.48±0.30  

Heptane 0.32±0.23 0.34±0.07 0.72±0.62 3.71-5.36
 a
, 28.9

 b
 

2,2-DM-Hexane 0.180±0.093 0.136±0.081 0.087±0.059  

2,5-DM-Hexane 0.202±0.192 0.089±0.033 0.103±0.043  

2,4-DM-Hexane 0.07±0.06 0.04±0.02 0.56±0.54  

3,3-DM-Hexane 0.028±0.018 0.061±0.045 0.041±0.023  

2,3,4-TM-Pentane 0.04±0.03 12.29±12.18 0.11±0.06  

2,3,3-TM-Pentane 0.08±0.05 0.06±0.03 0.07±0.02  

2,3-DM-Hexane 1.62±1.59 0.67±0.09 1.15±0.48  

2M-Heptane 0.79±0.78 0.29±0.09 0.35±0.26  
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

4M-Heptane 0.087±0.046 0.274±0.128 0.229±0.103  

3M-Heptane 0.10±0.06 0.12±0.06 0.51±0.40  

2,2,5-TM-Hexane 0.29±0.28 0.24±0.14 0.46±0.14  

Octane 0.09±0.06 0.34±0.15 0.79±0.46 2.54-14.94
 a
, 1.7

 b
 

2,3,5-TM-Hexane 0.22±0.22 0.19±0.17 0.15±0.02  

2,4-DM-Heptane 0.094±0.047 0.060±0.041 0.075±0.007  

E-CycHexane 0.017±0.009 0.060±0.044 0.047±0.007  

3,5-DM-Heptane 0.017±0.009 0.023±0.023 0.067±0.047  

2,3-DM-Heptane 0.010±0.010 0.012±0.012 0.066±0.066  

2M-Octane 0.38±0.30 1.13±1.03 1.09±0.43  

3M-Octane 0.024±0.013 0.098±0.031 0.225±0.028  

Nonane 0.19±0.14 0.17±0.06 0.38±0.21 1.09-5.13
 a
, 3.9

 b
 

2,2-DM-Octane 0.120±0.109 0.220±0.051 0.216±0.090  

2,4-DM-Octane 0.130±0.119 0.096±0.039 0.054±0.036  

Decane 0.53±0.47 0.38±0.11 0.20±0.08 0.92-2.10
 a
 

Undecane 0.387±0.288 0.303±0.089 0.195±0.067 1.29-2.92
 a
 

Dodecane 0.08±0.04 0.23±0.09 0.15±0.05 0.93-2.54
 a
 

Tridecane 0.31±0.28 0.28±0.11 0.21±0.10 0.40-1.60
 a
 

Sum 74±12 128±38 70±14  

     

Cycloalkanes 

M-CycPentane 0.36±0.14 0.18±0.09 0.34±0.17  

t-1,2-DM-
CycPentane 

0.073±0.009 0.187±0.110 0.146±0.068  

M-CycHexane 0.19±0.18 0.24±0.08 0.16±0.11  

1c,2t,3-TM-
CycPentane 

0.027±0.018 0.049±0.012 0.040±0.023  

c-1,3-DM-
0.08±0.07 0.67±0.48 0.33±0.30  
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

CycHexane 

t-1,4-DM-CycHexane 0.014±0.014 0.096±0.031 0.164±0.113  

t-1,3-DM-CycHexane 0.051±0.027 0.074±0.036 0.060±0.010  

c-1,2-DM-
CycHexane 

0.087±0.072 0.011±0.011 0.065±0.065  

Sum 0.88±0.25 1.50±0.51 1.31±0.40  

     

Alkenes 

1-Butene 6.8±5.5 11.2±5.0 13.4±9.0 84-148
 a
, 90.7

 b
 

t-2-Butene 2.03±0.44 4.16±0.77 2.07±1.33 66.5
 b
 

c-2-Butene 0.168±0.099 0.182±0.028 0.113±0.042 35.4
 b
 

3M-1-Butene 5.5±4.5 1.9±0.2 1.4±0.6 6.9
 b
 

1-Pentene 10.4±7.3 0.7±0.3 2.0±1.4 10-19
 a
, 8.6

 b
 

2M-1-Butene 6.0±5.0 3.4±2.0 0.9±0.2 13.8
 b
 

t-2-Pentene 9.4±6.3 5.9±2.1 18.1±11.8 16.0
 b
 

3,3-DM-1-Butene 1.5±0.7 8.0±4.3 16.8±12.4  

c-2-Pentene 1.4±0.3 3.7±1.2 3.8±2.9 10.4
 b
 

2M-2-Butene 12.7±11.5 2.4±1.5 1.6±1.3 13.4
 b
 

4M-1-Pentene 5.3±5.2 2.8±2.2 1.6±0.1  

3M-1-Pentene 1.97±1.42 3.70±0.84 0.17±0.09  

4M-c-2-Pentene 5.7±5.6 14.2±10.2 0.4±0.2  

4M-t-2-Pentene 9.3±6.2 4.9±1.9 4.7±2.6  

2M-1-Pentene 1.4±1.0 2.4±2.1 0.7±0.2  

1-Hexene 3.1±2.0 5.5±4.9 3.7±3.1 11-20
 a
 

t-3-Hexene 1.14±0.44 2.88±1.48 0.48±0.40  

c-3-Hexene 0.81±0.50 1.63±1.18 0.07±0.01  

t-2-Hexene 0.30±0.17 0.62±0.50 0.96±0.85 8.6
 b
 



57 

Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

3M-t-2-Pentene 0.12±0.09 0.95±0.81 0.82±0.72  

2M-2-Pentene 0.10±0.06 0.77±0.59 0.45±0.23 6.9
 b
 

c-2-Hexene 0.61±0.35 0.54±0.13 0.15±0.01  

3M-c-2-Pentene 0.17±0.05 0.39±0.31 0.08±0.05  

3,4-DM-1-Pentene 0.33±0.24 0.09±0.05 0.05±0.03  

3M-1-Hexene 0.65±0.27 1.28±0.66 0.57±0.34  

1-Heptene 0.91±0.69 0.55±0.34 2.54±0.90 3.71-5.36
 a
 

t-3-Heptene 0.17±0.13 0.70±0.58 0.10±0.05  

2M-2-Hexene 0.17±0.10 0.17±0.11 1.17±0.77  

3M-t-3-Hexene 0.26±0.13 0.32±0.06 0.38±0.24  

t-2-Heptene 0.11±0.11 0.14±0.07 0.43±0.16  

3E-c-2-Pentene 0.17±0.14 0.32±0.06 0.42±0.25  

2,4,4-TM-1-Pentene 0.220±0.153 0.047±0.024 0.335±0.069  

2,3-DM-2-Pentene 0.121±0.121 0.151±0.094 0.173±0.071  

c-2-Heptene 0.09±0.09 0.06±0.03 0.36±0.31  

2,4,4-TM-2-Pentene 0.040±0.040 0.144±0.035 0.342±0.208  

1-Octene 0.08±0.05 0.26±0.09 0.74±0.38 0.43-1.49
 a
 

t-4-Octene 0.31±0.19 0.17±0.06 0.49±0.38  

t-2-Octene 0.09±0.05 0.11±0.03 0.58±0.51  

c-2-Octene 0.30±0.27 0.12±0.06 0.20±0.15  

1-Nonene 0.93±0.69 0.94±0.41 2.11±1.19 0-0.49
 a
 

Sum 91±20 88±14 85±20  

     

Cycloalkenes 

CycPentene 0.29±0.08 0.61±0.12 0.31±0.23  

3M-CycPentene 0.23±0.13 0.18±0.03 0.50±0.27  

1M-CycPentene 0.47±0.37 0.23±0.10 0.54±0.45  
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

CycHexene 0.41±0.28 0.27±0.13 0.97±0.72  

Sum 1.40±0.49 1.29±0.21 2.32±0.92  

     

Diolefins 

1,3-Butadiene 2.6±1.6 15.7±6.0 3.4±2.8 62-196
a
, 117

b
 

2M-1,3-Butadiene 0.7±0.3 3.4±1.8 5.4±4.9  

CycPentadiene 1.40±1.27 0.07±0.03 0.99±0.85 26-127
a
 

Sum 4.7±2.0 19.1±6.2 9.8±5.7  

     

Monocyclic aromatic hydrocarbons 

Toluene 25±20 26±6 20±8 130-320
 a
 

m&p-xylene 6.6±6.0 4.1±2.0 5.6±4.1 40-72
 a
 

Styrene 9.2±8.0 8.3±3.3 7.6±3.3 35-117
 a
 

o-Xylene 2.20±1.76 1.53±0.50 1.39±0.59 16-27
 a
 

Benzene 105±70 102±13 83±22 225-1190
 a

 

Indan 0.016±0.008 0.048±0.024 0.050±0.032 0.12-0.49
 a
 

Sum 148±74 142±15 118±24  

     

Ethyl Benzene 5.2±4.3 4.4±1.7 4.2±1.7  

i-PropBenzene 0.27±0.27 0.18±0.10 0.08±0.02  

n-PropBenzene 0.70±0.70 0.41±0.26 0.44±0.36  

1M-3E-Benzene 0.43±0.43 0.37±0.15 0.14±0.03  

1M-4E-Benzene 0.09±0.05 0.15±0.07 0.46±0.26  

1,3,5-TM-Benzene 0.43±0.32 0.47±0.34 0.32±0.11  

1M-2E-Benzene 0.69±0.66 0.12±0.07 0.57±0.42  

1,2,4-TM-Benzene 0.3±0.2 3.1±1.0 2.6±1.9  

i-ButylBenzene 0.056±0.030 0.195±0.112 0.025±0.025  
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Species 0 wt% PE 0.25 wt% PE 2.50 wt% PE Other ref. (mg/kg fuel) 

s-ButylBenzene 0.39±0.38 0.05±0.02 0.04±0.04  

1M-3-i-PropBenzene 0.036±0.026 0.317±0.150 0.052±0.026  

1,2,3-TM-Benzene 0.44±0.37 0.21±0.08 0.43±0.31  

1M-4-i-PropBenzene 0.162±0.124 0.047±0.012 0.051±0.033  

1M-2-i-PropBenzene 0.264±0.244 0.101±0.048 0.071±0.007  

1,3-DE-Benzene 0.11±0.11 0.42±0.29 0.11±0.08  

1,4-DE-Benzene 0.05±0.04 0.07±0.00 1.65±1.57  

1M-3-n-PropBenzene 0.15±0.08 0.67±0.43 0.27±0.10  

1M-4-n-PropBenzene 0.10±0.08 0.16±0.13 0.21±0.14  

1,2-DE-Benzene 0.08±0.04 0.28±0.25 0.05±0.03  

1M-2-n-PropBenzene 0.049±0.026 0.123±0.069 0.115±0.065  

1,4-DM-2-E-Benzene 0.16±0.14 0.35±0.31 0.13±0.08  

1,3-DM-4-E-Benzene 0.13±0.11 0.35±0.33 0.02±0.02  

1,2-DM-4-E-Benzene 0.24±0.22 0.28±0.23 0.09±0.05  

1,3-DM-2-E-Benzene 0.32±0.25 0.25±0.09 0.30±0.23  

1,2-DM-3-E-Benzene 0.13±0.12 0.14±0.11 0.18±0.10  

1,2,4,5-TetM-
Benzene 

0.062±0.043 0.093±0.048 0.062±0.062  

2-M-ButylBenzene 0.04±0.04 0.34±0.32 0.01±0.01  

1,2,3,5-TetM-
Benzene 

0.065±0.055 0.091±0.057 0.013±0.013  

tert-1-But-2-M-
Benzene 

0.040±0.026 0.078±0.060 0.045±0.007  

1,2,3,4-TetM-
Benzene 

0.104±0.055 0.118±0.059 0.029±0.015  

n-Pent-Benzene 0.26±0.24 0.16±0.08 0.10±0.03  

tert-1-But-3,5-DM-
Benzene 

0.072±0.053 0.057±0.039 0.051±0.033  

Sum 11.6±4.5 14.1±2.2 12.9±3.1  
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a Mcdonald et al., 2000b (fireplace softwood, 

hardwood, and woodstove), Cottonwood, birch, 

aspen, and oak. b Schauer et al., 2001, residential 

fireplace combustion of pine, oak, and eucalyptus 
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Chapter Three:  Particle Size Distributions from 

Laboratory-Scale Biomass Fires Using Fast Response 

Instruments  

3.1. Abstract 

Particle size distribution from biomass combustion in an important parameter as it affects air 

quality, climate modeling and health effects. To date particle size distributions reported from 

prior studies vary not only due to difference in fuels but also due to difference in 

experimental conditions. This study reports characteristics of particle size distribution in a 

well-controlled repeatable lab scale biomass fires for southwestern United States fuels with 

focus on chaparral. The combustion laboratory at the United States Department of 

Agriculture-Forest Service’s Fire Science Laboratory (USDA-FSL), Missoula, MT provided 

repeatable combustion and dilution environment ideal for measurements. For a variety of 

fuels tested, the major mode of particle size distribution was in the range of 29 to 52 nm, 

which is attributable to dilution of the fresh smoke. Comparing mass size distribution from 

FMPS and APS measurement 51-68 % of particle mass was attributable to the particles 

ranging from 0.5 to 10 µm for PM10. Geometric mean diameter rapidly increased during 

flaming and gradually decreased during mixed and smoldering phase combustion. Most of 

fuels gave unimodal distribution during flaming phase and strong bimodal distribution 

during smoldering phase. The mode of combustion (flaming, mixed and smoldering) could 
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be better-distinguished using slopes in MCE vs. geometric mean diameter than only using 

MCE values. 

3.2. Introduction 

Biomass combustion encompasses a wide range of sources including wildland fire, 

prescribed burning, agricultural residue/waste burning, residential wood combustion, and 

power generation. Since the 1970s, considerable effort has been devoted to characterizing 

the products associated with biomass combustion in general. In the United States, 

intentional biomass burning (prescribed burning) is regulated by the Clean Air Act. 

Prescribed burning is the planned use of fire under specified environmental and 

meteorological conditions to accomplish specific vegetation management objectives. These 

objectives include the removal of hazardous fuel accumulations, wildlife habitat 

improvement, forest regeneration, and mimicking the natural role of fire. In order to utilize 

prescribed burning, managers must provide estimates of the quantity of certain combustion 

products that will be produced before air quality regulators issue burn permits. These 

products of combustion include particulate matter (PM) released into the atmosphere (Chi, 

1979,  Levine, 1996, Goldammer, 2009). Particles can affect the radiation budget of the earth 

depending on their size distribution, morphology and their chemical composition. There is 

growing evidence of the role of particle size distribution and its adverse effect on human 

health following transport and deposition of particles (Pope and Dockery, 2006). Currently 

in the United States, the production of particles smaller than 2.5 µm is regulated due to the 

adverse impacts on human health and visibility. 
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Particle size distribution from biomass combustion evolves due to condensation/coagulation 

within the plume and photochemical aging downstream of the fire. The particle size 

distribution can also differ by combustion phase (ignition/flaming/smoldering), fuel 

condition (live, dead and varying moisture content), fuel configuration (dense vs. light and 

plain vs. sloped terrain), and fuel type (foliage, log, branch). Due to the importance of 

particle size distribution and its impact on air quality, climate modeling and health effects, 

particle size distributions from diverse biomass combustion conditions have been reported 

(S. Janhall et al., 2009, Hays et al., 2005, Capes et al., 2008). 

Particle size distributions from biomass burning have been studied for a variety of fuels (P. 

Le Canut, 1996, Posfai et al., 2003, Posfai et al., 2004, Capes et al., 2008). A wide variety of 

instruments have been used to measure particle size distribution; Laser Optical Particle 

Counter, Aerosol Time-Of-Flight Mass Spectrometer (ATOFMS), Differential Mobility 

Particle Sizer (DMPS)(Hedberg et al., 2002, Sullivan et al., 2008), Scanning Mobility Particle 

Sizer (SMPS)(Hays et al., 2002, Hays et al., 2005), Transmission Electron Microscopy (TEM) 

analysis (Posfai et al., 2003, Posfai et al., 2004, Chakrabarty et al., 2006), Micro Orifice 

Uniform Deposit Impactor (MOUDI) (Hays et al., 2005, Engling et al., 2009), and Passive 

Cavity Aerosol Spectrometer Probe (PCASP) (Capes et al., 2008). 

Previous studies have shown a wide variation in particle size distribution due to differing 

combustion and measurement conditions. Hays et al. (2002) reported unimodal distribution 

using a SMPS. They used open combustion of a fuel to simulate combustion of fuel in the 

field. They reported geometric mean diameters between 0.1-0.2 μm. Due to the use of a 

small enclosure (28 m3), their particles must have grown by condensation and coagulation 
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within the enclosure. Le Canut et al. (1996) measured particle size distribution using a laser 

optical particle counter in their airborne study during a savanna fire. They reported two mass 

modes: one in 0.2-0.3 μm and the other above 2 μm. Chakrabarty et al. (2006) measured 

particle size distribution from laboratory combustion of eight different fuels using SMPS and 

image analysis. Projected area equivalent diameter peaks ranged from 30 to 200 nm for wet 

(moisture content (MC) = 20 % on dry mass basis) and dry (MC = 5-10 %) fuels. Major 

mode diameter ranged 40-45 nm for three burns out of six burns (see their figure 12) for dry 

fuels they tested. To authors’ knowledge, none of previous studies captured the temporal 

evolution of size distribution due to the relatively slow response rate of the instruments. For 

example, the SMPS requires 2 min to measure one size distribution. Janhäll et al. (2009) 

parameterized particle number emissions by applying complicated fittings to published 

experimental data. They pointed out that well-defined laboratory experiments should help 

validate their finding and enable a better understanding of particle emission/formation 

mechanisms. 

A study to characterize smoke emissions from prescribed burns in chaparral and Madrean 

oak woodlands in the southwestern United States was initiated in 2008. Detailed 

characterization of gaseous and particulate emissions is being made in laboratory and field 

settings. Changes in and transport of emissions from the source downwind are being 

measured and modeled for inclusion in air quality models such as CMAQ (Byun, 2006). The 

objective of this paper is to characterize particle size distribution from the laboratory 

component of the study. A suite of fast-response online instruments were applied to 

measure evolution of particle size distribution from fire ignition to extinction to capture 
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transient and integrated characteristics of particle size distribution from biomass burning. To 

the best of our knowledge, current study reports fast time-dependent (1s interval) size 

distribution of the particle-phase emissions and their characteristics from biomass burning in 

detail for the first time. 

3.3. Experimental 

3.3.1. Combustion Lab Facility 

Experiments were conducted in the combustion laboratory at the USDA Forest Service’s 

Fire Science Laboratory (FSL), Missoula, MT. A detailed description of the characteristics of 

the facility can be found in Christian et al (2004). The facility measures 12.5 m by 12.5 m and 

is 22 m in height. The combustion laboratory is exhausted via a 3.6 m diameter hood 

attached to a 1.6 m stack located in the center. Figure ‎3.1 shows a schematic of the lab. The 

base of the hood is above the fuel bed. The stack extends from 2 m above the floor to all the 

way up through the ceiling. The lab is slightly pressurized with pre-conditioned outside air to 

precisely control the temperature, and relative humidity. This ensures entrainment of all the 

produced emissions, making the conditions ideal for determining emissions factors. The air 

velocity in the chimney was set at either 1.5 m/s or 3 m/s by controlling the exhaust fan 

speed to maintain proper entrainment of fresh air. 

3.3.2. Particle Measurement System 

The sampling platform (Figure ‎3.1) is located 17 m above the floor surrounding the stack; 

this is where all particle measurement instruments were placed Figure ‎3.2 shows schematics 

of sampling system. First sampling flow was taken from the isokinetic sampling port 
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installed at the height of the sampling platform at the stack. The sample flow was diluted 

using a mini dilution tunnel at 1:13.5 ratio. The diluted aerosol flow directed to a PM10 

impactor, then distributed to Fast Mobility Particle Sizer (FMPS –model 3091, TSI), an 

Aerodynamic Particle Sizer (APS- model 3321, TSI) and Condensation Particle Counter 

(CPC Model 3775, TSI). Other online and offline instruments were used for physical and 

chemical characterization of the particles but are not reported here. 

The Fast Mobility Particle Sizer Spectrometer (FPMS, TSI Model 3091) is capable of 

measuring mobility diameter of the particles. The instrument is made of two concentric 

cylinders (Classification columns), a corona diffusion charger, and 32 electrometers, which 

covers range of 5 nm to 560 nm. The stream containing positively charged particles flows 

along with sheath air. The high voltage between the two cylinders carries the particles from 

the side that they are introduced to the other side that has the electrometers. Close the top 

of the column, the particles with higher electrical mobility are collected, and further 

upstream the particles with lower electrical mobility are collected (TSI manual1). Electrical 

mobility, Z is defined as below 

mgD

neC
Z

3


 
Eq. ‎3.1  

Where n, e, C, μg, Dm are number of charge, unit charge of an electron, slip correction factor, 

gas viscosity and particle mobility diameter. 

                                                
1
 http://www. tsi.com/uploadedFiles/Product_Information/Literature/Spec_Sheets/3091FMPS.pdf 
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The aerodynamic diameter Da is the diameter of the unit density (ρp=1 g/cc ) sphere that has 

the same settling velocity as the particle (Hinds, 1982). The Aerodynamic Particle Sizer (APS, 

TSI Model 3321) is capable of measuring particle size distributions in the size range of 0.5 to 

20 µm. The sample particles are accelerated as the carrier gas flows through a converging 

nozzle. Due to the inertia, particles cannot accelerate as fast as the gas and the velocity lags 

that of the gas. Particle size is related to this velocity lag and that is measured at the nozzle 

exit when particles pass through two partially overlapping laser beams. The time of flight 

between the two laser beams is then used to calculate the aerodynamic diameter (Rader et al, 

1990, Wang and John, 1987). Chen et al. (1985) found a unique calibration curve existed 

between a particle Stokes number and its velocity normalized by the gas velocity. 

The Stokes number is defined as 
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Eq. ‎3.2 

where ρp, Dp, Vg, C, μg, W are particle density, particle diameter, gas velocity, slip correction 

factor, gas viscosity and diameter of the nozzle at the exit. The APS measured aerodynamic 

diameter requires correction for non-Stokesian effects when particle Reynolds diameter 

becomes greater than 0.5 (Wang and John, 1987). A conversion of aerodynamic diameter 

into mobility diameter requires a correction factor involving dynamic shape factor and 

density of particles (Stöber, 1971). The particle Reynolds numbers are reported as 0.65, 4.8, 

24 and 103 for diameters of 1.0, 2.1, 5, and 15 µm by Wang and John (1987) for the APS at 

the nozzle flow velocity of 150 m/s. Current study does not aim to measure shape factor 

and density of particles for a conversion from aerodynamic to mobility diameter. 
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3.3.3. Gas Measurement System 

Every molecule has its own specific IR radiation absorption pattern. Researchers have used 

this fact in Fast Fourier Transform  InfraRed (FTIR) spectroscopy. If a beam of IR is passed 

through smoke, and the IR spectrum is recorded, the acquired graph will have peaks that are 

due to molecules present in the smoke (Yokelson et al. 1997, Goode et al. 1999). The OP-

FTIR instrument used in this study included a Bruker Matrix-M IR Cube spectrometer and a 

thermally stable open white cell. The white cell was positioned on the sampling platform 

approximately 17 m above the fuel bed so that the open white cell spanned the stack directly 

in the rising emissions stream. The white cell path length was set to 58 m. Several extensive 

tests were performed to optimize the many sampling parameters, including duty cycle, 

sample frequency, and spectrometer options and chose a spectral resolution of 0.67 cm-1 

and spectra were acquired every 1.5 seconds (four co-added spectra in 1.5 seconds) 

beginning several minutes prior to the fire and continuously until the end of the fire. A 

pressure transducer and two temperature sensors were located adjacent to the optical path 

and were logged on the instrument computer and used for spectral analysis.  

The Open-Path Fourier Transform infrared (OP-FTIR) spectrometer was used to monitor 

concentrations of CO and CO2 for this study. These concentrations were used to calculate a 

Modified Combustion Efficiency (MCE). MCE is defined as the amount of carbon released 

as CO2 divided by the amount of carbon released as CO2 plus CO (Ward et al., 1996, Ward, 

1993). 
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Eq. ‎3.3 

 

Since CO2 and CO account for about 95 % of carbon released during biomass combustion, 

the MCE is a good surrogate for true combustion efficiency. Ward et al. (1993) classified 

combustion conditions into three phases by MCE: flaming when MCE > 0.97, mixed when 

0.97 ≥ MCE > 0.85 and smoldering when 0.85 ≥ MCE > 0.75.  

3.3.4. Experimental Fires 

Fuel characterization and fuel bed configuration are very important parameters to determine 

particle emissions and formations. Yet many previous studies are lacking this critical 

information in their publications(Reid et al., 2005). In the present work, a total of 44 burns, 

composed of 8 different types of wildland fuels (Table ‎3.1), were conducted. The fuels were 

collected from California (Ft. Hunter-Liggett, Vandenberg Air Force Base) and Arizona (Ft. 

Huachuca). The fuel types selected for study are composed primarily of living vegetation. 

The chaparral fuel type is actually mixtures of shrub species that grow together in the 

Mediterranean climate of California and Baja California. Many of the shrub species in this 

climate have developed similar physical characteristics to minimize water loss such as leaves 

with waxy cuticles, which pyrolyze at low temperatures (Susott, 1982 ). The shrub canopies 

are relatively porous which facilitates fire spread. Fires burning in these fuel beds are 

typically intense with relatively high rates of energy release. In the Madrean oak fuel types, 

the woodland type consists of oak trees with an understory of shrub species related to 

chaparral species and the savanna type consists of oak trees with an understory of native and 
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introduced grasses. Fuels were harvested from the three locations and shipped to Missoula 

where they were stored for several weeks prior to the experiments. During this time, the 

fuels lost most of the moisture that was present at the time of harvest. 

 A small amount of isopropyl alcohol (generally less than 50 cc) was used initially to 

get a quick even ignition of the fuel bed. Eighteen of 44 of the southwestern fuel beds 

(chamise, ceanothus, manzanita, and California sagebrush – see Table ‎3.1) were ignited in 

this manner using a propane torch. No alcohol was used to enhance ignition in the 

remaining fuel beds. With the exception of the masticated mesquite fuel type which was 

created by mowing down and grinding the shrubs , the natural fuel beds tend to have a 

vertical orientation in the natural setting (Figure ‎3.3-a). We attempted to burn the fuels in a 

vertical orientation with limited success so the fuels were oriented horizontally (Figure ‎3.3-

b). Average consumption (mass basis) of the chamise/scrub oak fuels oriented vertically was 

30 %. Consumption of horizontally oriented fuel beds increased to 90 %. Bulk 

characteristics of the fuel beds are found in Table ‎3.2. Average moisture content (oven-dry 

mass basis, ASTM D4442-07) of the fuel beds at the time of burning ranged from 4 to 33 %, 

which is similar to fuel moistures in dead fuels. Moisture content in these live fuels seldom 

decreases below 50 % in the field. The initial oven-dry mass in the fuel beds ranged from 

670 to 4630 g. Bulk density of the fuel beds ranged from 5.8 to 14 kg/m3 and the packing 

ratio (defined as the ratio of fuel bed bulk density to fuel particle density) ranged from 0.010 

to 0.024. These packing ratios are similar to those reported for laboratory fire spread 

experiments (Weise et al., 2005), but they are 1 to 2 orders of magnitude larger than packing 

ratios observed in the field which indicates the fuel beds were less porous than natural fuel 



71 

beds. While our initial intent was to burn fuel beds similar to those found naturally, the fuel 

beds in the lab experiment were much drier with higher bulk densities than the fuel types 

they represent. 

3.4. Results and Discussion 

3.4.1.  Particle size distribution from 7 to 520 nm measured by FMPS 

Figure ‎3.4-a shows averaged particle size distribution for different fuels as measured by 

FMPS. The size distribution is averaged over the time from ignition to the end of sampling 

(absolute CO concentration 1ppm) and over at least three burn replicates for each fuel type. 

Averaged size distributions were unimodal for many fuel types. Interestingly, a few fuel types 

showed bimodal distributions, with the minor (meaning lower concentration) mode around 

10 nm. The major mode varies from 29 to 52 nm for fuels tested. This is a very narrow 

range considering diverse fuels tested. Consistent technique was used to minimize 

experimental errors in order to detect differences between species. The similarity of the size 

distribution among fuels tested can be attributable to the systematic burning and sampling 

method. The combustion facility in Missoula was designed to divert all the generated smoke 

into the chimney. This allows enough dilution of the particles so that particle sizes measured 

and reported in this facility are smaller than those from other studies are. Chakrabarty et al. 

(2006) used the same combustion facility in Missoula for their experiment. They reported 

particle Count Median Diameter (CMD) varying from 30 to 70 nm for dry fuels (sagebrush, 

poplar wood, ponderosa pine wood, ponderosa pine needles, white pine needles, Montana 

grass, dambo grass, tundra core) but they found the CMD increases to 120-140 nm for wet 
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fuels (tundra core and Montana grass) from their SEM measurement. Hays et al. (2005) 

measured size distribution from open burning of agricultural biomass (wheat straw). The 

open burning was conducted in an enclosure and the particles were diluted from 1:25 to 36 

and measured by a SMPS. They reported a bimodal distribution and suggested that one 

mode is characterized by nucleation while the other represents an accumulation mode. The 

modes in their size distributions were around 100 nm. Their measured SMPS scans take 60 

to 120 s. Considering characteristics of biomass burning this is not fast enough to capture 

the transient phenomena. The background particle size distribution was obtained by 

averaging size distributions measured before ignition for seven burns, which were conducted 

consecutively in one experimental day and plotted with averaged size distributions in log 

scale as shown in Figure ‎3.4-b. Figure ‎3.4-b also shows that particle concentration decreased 

sharply above 200 nm. 

While some other studies report combustion conditions of biomass burn only by using 

integrated or averaged MCE over the whole burn, we attempted to segregate the mode of 

combustion during each burn using instantaneous MCE value and other indicators (i.e. 

slopes in MCE vs. geometric mean diameter curve). The average size distributions of 

Figure ‎3.4-ab were segregated into three burning conditions: flaming, mixed and smoldering 

by MCE. This division was done by plotting geometric mean diameter change as a function 

of MCE instead of using only Ward and Radke’s criteria by MCE value. Details of this will 

be discussed in later section. The majority of particles were emitted during flaming therefore 

the shapes of size distribution during flaming were similar to that of the average of the 

whole burn (Figure ‎3.4-c). (Note our presentation of data in Figure ‎3.4 is time based while 



73 

some studies report particle emission per fuel mass.) Mixed phase, which consists of flaming 

and smoldering, shows unimodal distribution with the mode ranges from 30 to 50 nm 

(Figure ‎3.4-d). The particle concentration was lower than that of flaming by factor of 5 

roughly. The change between flaming and mixed mode could be observed clearly from our 

video recording of all burns. The size of flames was decreased noticeably at the beginning of 

the mixed phase compared to the flaming phase. The flame was still clearly visible during the 

mixed phase. 

Size distribution during smoldering showed a bimodal distribution for all fuel types at 

around 10 nm (Figure ‎3.4-e). A possible explanation for this is nucleation of volatile particles 

as the burnt gas temperature cooled down. The particle concentration during smoldering was 

two orders of magnitude lower than during the flaming phase. Note that this is time-based 

not fuel mass-based. Analysis of fuel mass-based results will be reported in another paper. 

Figure ‎3.4-f shows background particle size distribution change during a day. The 

background concentrations (Figure ‎3.4-f) are much lower than our measured particle 

concentration during the burn (Figure ‎3.4-cde), which ensures that background particles did 

not interfere our measurements. Figure ‎3.4-g shows variation of FMPS number distribution 

measurement for the fuel of oak savanna. Thick solid line represents average of six burns 

and shaded area shows variation. Table ‎3.3 shows the geometric diameter and standard 

deviation of size distributions for fuels tested. Similarity between geometric mean diameters 

for the nine fuel types is illustrated in Table ‎3.4. Notice that the standard deviations of the 

distributions are similar. Several of the chaparral fuel types had similar geometric mean 

diameters and the two Madrean oak fuel types were similar. 
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3.4.2. Particle size distribution from 0.5 to 20 μm measured by APS 

Figure ‎3.5-a shows time and cycle averaged particle size distributions from APS 

measurement. This was done to determine whether large particle concentrations were higher 

than background levels aerosol by number and by volume. It has been reported that mass 

mean diameter is as large as 0.5 µm ( or 500 nm) for aged particles from biomass burning 

(Reid et al., 2005). Most of these previous measurements were performed optically by 

aircraft measurement. Particles larger than 100 nm in mobility diameter was reported by 

previous studies, which measured size distribution in the field. However smaller particle 

mode was reported for particles measured in the lab (Hays et al., 2005, Keshtkar and 

Ashbaugh, 2007). This can be attributed to immediate dilution that prevents further 

coagulation and condensation. Regardless, particles larger than 0.5 µm were measured using 

APS to determine whether there was any noticeable number or mass of particles in this size 

range from freshly diluted biomass smoke. The particle number distribution (Figure ‎3.5-a) 

showed that the concentrations are orders of magnitude lower compared to the 

concentrations of small particles measured by FMPS. Log conversion of Figure ‎3.5-a 

illustrated that the smoke particle distributions were greater than background. Background 

distributions (Figure ‎3.5-f) measured between each burn during a day show that they do not 

vary much compared to that of small size particles (Figure ‎3.4-f). This validated that our APS 

measurements were not interfered by background particle size distribution. The average size 

distributions of Figure ‎3.5 were separated by combustion phases using the same method 

used with the FMPS size distribution. Particles larger than 0.5µm were emitted mostly during 
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flaming and mixed phases of combustion. Emissions during the smoldering phase were 

lower by at least a factor of 4 in comparison to peak concentrations. 

The mass distributions were compared between large and small particles measured by APS 

and FMPS. The number of fractal-like particles for the size greater than 0.5 µm was 

insignificant based on our TEM measurement (images not shown in this paper). A range of 

particle densities was chosen to assess uncertainties in mass distribution taking into account 

of non-Stokesian effects. Figure ‎3.6 shows that the mass larger than 0.5 μm attribute to 51 to 

68 % of total volume measured by APS and FMPS when particle density range of 0.8~2.5 

was assumed for non-Stokesian correction with the APS measurement. Note that the 

dilution was applied for all online aerosol measurement. Relative Humidity (RH) of dilution 

air was maintained at 16.5±4 %. Note the size distribution by APS is in aerodynamic 

diameter while that by FMPS is in mobility diameter. 

3.4.3. Evolution of particle size distribution (FMPS+APS) 

It is extremely difficult to identify what determines evolution of particle distribution from 

biomass burning due to the large variability in fuel composition, fuel humidity, fuel bed 

arrangement and the nature of turbulent combustion. Therefore, most previous studies 

reported either time-integrated results or snap shots of transient phenomenon. In order to 

understand the evolution of particle size distribution, it is instructive to examine Figure ‎3.7 

that shows the evolution of particle size distribution for a burn from initial ignition until 

extinction. This temporal resolution is possible due to the fast scanning ability of the FMPS 

and the APS (1 scan per second). The data showed that particle concentration reached a 
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maximum during the flaming phase (confirmed by CO and CO2 data) and diminished to 

lower concentration in either unimodal or bimodal distributions. Right after ignition CO2 

concentration increases and that leads to increase in MCE. After the MCE reaches nearly 

one it starts to decrease because Δ CO2/ Δ CO decreases as shown in Figure ‎3.7-a. During 

smoldering phase, Δ CO2/ ΔCO increases again mainly due to decrease in Δ CO, which 

leads to increase of MCE value. The MCE value reaches plateau toward the end of 

smoldering phase. During flaming phase significant amount of particle emissions occurs for 

the size range both instruments (FMPS and APS) measure. It is important to note that 

emissions of ultrafine particle (Dp<100 nm) reduces significantly as the combustion phase 

progresses from flaming, mixed to smoldering phase. On the other hand high concentration 

of particles between 0.5 and 1 µm range persist during flaming, mixed phase and even past 

smoldering until 400s in Figure ‎3.7-b. It is noteworthy that near the end of smoldering phase 

ultrafine particles show bimodal distribution clearly (see Figure ‎3.7-c). Values of peak 

concentration measured by FMPS were at least three to four orders of magnitude higher 

than APS concentrations during the flaming and mixed phases. Likewise, the evolution of 

geometric mean diameter was plotted for a few burns as illustrated in Figure ‎3.8. These 

results revealed that the geometric mean diameter increases rapidly during flaming phase and 

decreased during mixed and smoldering phases. In Figure ‎3.9, MCE was plotted as a 

function of geometric diameter for three different fuels. Ward and Radke (1993)’s MCE 

criteria gives a guideline to distinguish different phase of combustion but it fails to give 

accurate distinction at specific MCE value. For example, smoldering mode starts at different 

MCE value of 0.82, 0.76 and 0.83 for different burns at Figure ‎3.9-abc. As the combustion 
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of biomass is always dynamic instead of being steady state, either combustion or emissions 

parameters should evolve at different rate and/or direction at different phase of combustion. 

When we plotted MCE value against geometric mean diameter, we found that the distinction 

between different phases of combustions could be more clearly seen. This was also 

confirmed by comparing video records of the burn with Figure ‎3.9. The geometric mean 

diameter increased rapidly during flaming condition when MCE was > 0.97. However, the 

MCE value for the mixed phase could become smaller than what Ward and Radke (1993) 

define. The geometric mean diameter decreased during both mixed and smoldering 

conditions. While the MCE decreased as the mixed phase proceeded, the MCE value 

increased as the smoldering phase proceeded. As a result, one can distinguish mixed phase 

combustion from smoldering phase combustion based on the slope change in MCE vs. 

geometric mean diameter graph.. 

3.5. Conclusions 

This paper presented particle size distributions measured by a suite of fast-response online 

instruments for laboratory-scale biomass fires for a variety of southwestern U.S. fuel types. 

The instruments measured evolution of particle size distribution from fire ignition to 

extinction to capture transient and integrated characteristics of the particle size distribution. 

Time-averaged particle size distributions were segregated into three combustion phases: 

flaming, mixed and smoldering. The major mode of particle size distribution was in the 

range of 29 to 52 nm for the cycle-averaged distribution. These are much smaller diameters 

compared to previous studies. The difference from previous studies was attributed to 

dilution of the fresh smoke in the current study. Time-averaged particle concentrations were 



78 

highest during the flaming phase and gradually decreased during mixed and smoldering 

phases. Comparing mass size distribution from the FMPS and APS measurements, 51-68 % 

of particle mass was attributable to the particles ranging from 0.5 to 10 µm for PM10. 

Geometric mean diameter rapidly increased during flaming combustion and gradually 

decreased during mixed and smoldering phase combustion. Particle size distribution was 

unimodal for most fuel types during the flaming phase and strongly bimodal during the 

smoldering phase. The slopes of the linear plots of MCE versus geometric mean diameter 

appear to better separate the combustion phases than simply using the value of MCE. Given 

the wide use of MCE alone to define combustion phases, additional measurement of 

particulate matter from biomass burning using fast response instruments is recommended. 
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 Table ‎3.1. Fuel type species composition and abbreviations 

Fuel type Fuel Code Plant Species 

Chamise/scrub oak CHS Adenostomafasciculatum, Quercusberberidifolia 

Ceanothus CEA Ceanothusleucodermis 

Coastal sage scrub COS Salvia mellifera, Ericameriaericoides, Artemisia californica 

California sagebrush CAS Artemisia californica, Ericameriaericoides 

Manzanita MAN Arctostaphylosrudis, Arctostaphylospurissima 

Oak savanna OAS Quercusemoryi, Eragrostislehmanniana 

Oak woodland OAW Quercusemoryi, Arctostaphylospungens 

Masticated mesquite MES Prosopisvelutina, Baccharissarothroides 

 

Table ‎3.2. Fuel and bed properties 
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Table ‎3.3. Geometric mean diameter and the geometric standard deviations 

Fuel type 
In total  

Dg(nm) σ  

California Sagebrush (CAS) 50.72 1.66  

Ceanothus (CEA) 39.67 1.64  

Chamise/Scrub Oak (CHS) 52.30 1.62  

Coastal Sage Scrub (COS) 45.30 1.62  

Manzanita (MAN) 39.20 1.62  

Masticated Mesquite (MES) 34.00 1.58  

Oak Savanna (OAS) 25.00 1.76  

Oak Woodland (OAW) 29.00 1.67  

 

Table ‎3.4. Species effects on particle size distribution 

Fuel 
Type 

CAS CEA CHS COS MAN MES OAS OAW 

CAS  N2 Y Y N N N N 

CEA   N Y Y Y N N 

CHS    N N N N N 

COS     Y N N N 

MAN      Y N N 

MES       N Y 

OAS        Y 

  

                                                
2 Y indicates mean geometric diameter of fuel type 1 ± 2σ overlaps with mean geometric diameter of fuel 

type 2 ± 2σ. 
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Figure ‎3.1. Schematic drawing of combustion laboratory, USDA Forest Service Fire Sciences 
Laboratory, Missoula, MT. Detailed characteristics of the facility are described in Christian et 
al. (2004). 

 

 

Figure ‎3.2. Schematic of measurement system. 
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Figure ‎3.3. Two pictures showing fuel and fuel bed, before the fuel is lit on fire. 
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Figure ‎3.4-(a) Averaged burns- linear scale 
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Figure ‎3.4-(b) Averaged burns- log scale 



90 

 

Figure ‎3.4-(c) Flaming phase 
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Figure ‎3.4-(d) Mixed phase 
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Figure ‎3.4-(e) Smoldering phase 
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Figure ‎3.4-(f) Background level concentration 
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Figure ‎3.4-(g) Variation of measurements (Oak Savanna) 

Figure ‎3.4. Particle size distributions corresponding to (a) whole burn(linear) (b) whole 
burn(log-log) (c) Flaming, (d) Mixed, and (e) Smoldering phases (f) presents background 
levels measured by FMPS (g) variation of measurements 

 



95 

 

Figure ‎3.5- (a) Averaged- linear scale 
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Figure ‎3.5- (b) Averaged- log scale 
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Figure ‎3.5- (c) Flaming phase 
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Figure ‎3.5- (d) Mixed phase 
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Figure ‎3.5- (e) Smoldering phase 
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Figure ‎3.5-(f) Background level concentration 

Figure ‎3.5. Aerodynamic particle size distribution measured by APS for different phases (a) 
whole burn(linear) (b) whole burn(log-log) (c) Flaming (d) Mixed (e) Smoldering, and (f) 
corresponds to background concentration 
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Figure ‎3.6. Particle number and mass size distributions corresponding to a typical burn, also 
the background concentration 
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Figure ‎3.7. (a) Modified Combustion Efficiency (MCE); Corresponding APS (a) and FMPS 
(b) contour graphs showing particle number size distributions  

 

Figure ‎3.8. MCE vs. Geometric Mean Diameter for three typical burns 

 

 

Figure ‎3.9- (a) CAS 
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Figure ‎3.9- (b) COS 

 

Figure ‎3.9-(c) OAW 

Figure ‎3.9. MCE vs. Geometric Mean Diameter for three typical burns 
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Chapter Four:  Laboratory characterization of PM 

emissions from combustion of wildland biomass fuels 

4.1. Abstract 

Particle emissions from open burning of southwestern (SW) and southeastern (SE) U.S. fuel 

types during 77 controlled laboratory burns are presented. The fuels include SW vegetation 

types: ceanothus, chamise/scrub oak, coastal sage scrub, California sagebrush, manzanita, 

maritime chaparral, masticated mesquite, oak savanna, and oak woodland as well as SE 

vegetation types: 1-year, 2-year rough, pocosin, chipped understory, understory hardwood, 

and pine litter. The SW fuels burned at a higher Modified Combustion Efficiency (MCE) 

than the SE fuels resulting in lower particulate matter (PM) mass emission factor (EF). 

Particle size distributions for six fuels and particle number emission or all fuels are reported. 

Excellent mass closure (slope = 1.00,         ) between ions, metals, and carbon with 

total weight was obtained. Organic carbon emission factors inversely correlated (  = 0.72) 

with MCE, while elemental carbon (EC) had little correlation with MCE (  =0.10). The 

EC/total carbon (TC) ratio sharply increased with MCE for MCEs exceeding 0.94. The 

average levoglucosan and total Poly Aromatic Hydrocarbons (PAH) emissions factors 

ranged from 25-1272 mg/kg fuel and 1790-11300 µg/kg fuel, respectively. No correlation 

between MCE and emissions of PAHs/levoglucosan was found. Additionally, PAH 

diagnostic ratios were observed to be poor indicators of biomass burning. Large fuel-type 
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and regional dependency was observed in the emission rates of ammonium, nitrate, fluoride, 

chloride, sodium, and potassium.  

4.2. Introduction 

Fresh smoke from wildland biomass burning is a complex mixture of gases and aerosols. 

The amount and composition of fire emissions depend on a wide range of parameters 

related fuel type, packing ratio, fuel composition, chemical composition, fuel moisture, fire 

behavior (e.g. relative amount of smoldering and flaming) (Andreae and Merlet, 2001 Akagi 

et al., 2011). While wildland fuels are composed primarily of cellulose, hemicelluloses, and 

lignin, the composition and quantity of trace elements vary by plant species, soil type, and 

ambient air mass, deposition of sea-salt and anthropogenic nitrogen and sulfur deposition 

(Albini, 1976, Fenn 1991, Hardy et al., 1996, McKenzie et. al., 1996, Yokelson et al., 2011). 

Local climate and meteorological conditions influence both plant structure and moisture-

conserving strategies, which in turn influence fire behavior and smoke emissions when these 

fuel types are burned.  

While the mean June-August temperatures are similar (15-27 °C), the southwestern 

(SW)United States tends to be drier (34-69 cm annual precipitation) than the more humid 

southeastern (SE) United States (114-160 cm) and the seasonality of precipitation is different 

(23-30 cm December-February for both regions, < 3 cm and 30-42 cm June-August for the 

SW and SE, respectively3. However, some plants and plant communities have developed 

                                                
3 Climatological statistics derived from data developed by National Climatic Data Center using US Climate 

Division Dataset Mapping Page and 1981-2010 base period (http://www.esrl.noaa.gov/psd/data/ 

usclimdivs/) accessed 24 Apr 2012.  

http://www.esrl.noaa.gov/psd/data/%20usclimdivs/
http://www.esrl.noaa.gov/psd/data/%20usclimdivs/
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similar structure and foliar characteristics such as chaparral in California and pocosin in 

North Carolina (Christensen 2000, Keeley 2000,). Prescribed burning is a vegetation 

management tool used to manage wildlife habitat, removee wildland fuel accumulation to 

reduce the potential for severe wildfire, and to mimic the natural role of fire (Chandler et al, 

1983). Recent modeling studies have analyzed the potential use of prescribed burning as a 

tool to reduce carbon dioxide emissions (Narayan et al, 2007, Wiedinmyer and Hurteau, 

2010). Due to a variety of reasons, prescribed burning is used extensively in the SE in 

contrast to limited use in chaparral and oak ecosystems in the SW. Between 2002 and 2011 

the annual average area treated with prescribed burning was 599 kHa in the southeastern 

U.S. (SE: Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North Carolina, 

South Carolina, Tennessee, and Virginia) and 134 kHa in the southwestern U.S. (SW: 

Arizona, California, Colorado, New Mexico, Nevada, and Utah) (NIFC, 2012). During the 

same period, wildfires burned an average of 854 kHa yr-1 in the SW and 215 kHa yr-1 in the 

SE (NIFC, 2012).  

While prescribed burning is an important land management tool, emissions from prescribed 

fires and wildfires can have a significant detrimental impact on air quality by degrading 

visibility and increasing ambient concentrations of fine particulate matter (PM2.5, aerosol 

with an aerodynamic diameter ≤ 2.5 µm), ozone (O3) (ref) More generally, emissions from 

biomass combustion can have a substantial influence on local-to-global scale chemical and 

physical properties of the atmosphere through short- and long-range transport (Crutzen and 

Andreae (1990), Fishman et al. (1991)). Smoke aerosols can alter the radiation budget of the 

earth, cloud properties and climate (Reid et al. (1998), Haywood et al. (2003), Kaufman and 
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Fraser (1997), Hobbs et al. (1997)). Epidemiological studies have linked mass concentration 

of       to human morbidity and mortality (Pope III et al. (2009)). Wildland firefighter 

exposure studies have reported exposures to CO, particulates, and silica at levels near or 

higher than recommended occupational exposure levels (Materna et al 1992), other studies 

report that smoke exposure occasionally approaches legal and recommended exposure levels 

(Reinhardt and Ottmar 1997). Because of the different nature of the work, firefighters 

generally were exposed to more smoke on prescribed fires than on wildfires (Reinhardt and 

Ottmar 2004). Additionally, toxic gases (Roberts et al., 2011) are emitted and several PAHs 

present in wood-smoke are known to be carcinogenic and/or associated with mutagenicity 

(Roberts and Corkill (1998), Ramdahl and Becher (1982)). Wildland firefighter exposure 

studies have reported exposures to CO, particulates, and silica at levels near or higher than 

recommended occupational exposure levels (Materna et al 1992), other studies report that 

smoke exposure occasionally approaches legal and recommended exposure levels (Reinhardt 

and Ottmar 1997). Because of the different nature of the work, firefighters generally were 

exposed to more smoke on prescribed fires than on wildfires (Reinhardt and Ottmar 2004). 

Limited data is available regarding particulate emissions from the combustion of fuels 

commonly burned by prescribe fires and wildfires in the U.S. Little emissions data exist for 

fuels common to the SW United States, specifically those classified as chaparral. The USFS 

has classified approximately 5.7 million hectares (17%) of the vegetation in California as 

brush, 1.62 million hectares of southern and central California are covered with the shrub 

complex known as chaparral. To assess the potential effects of biomass burning on the 

atmosphere, it is necessary to provide reliable emission factors (EF) and combustion 
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parameters to emission inventory algorithms that provide emission input to atmosphere – 

chemistry transport models and smoke dispersion models. The objective of our study is to 

determine particulate matter EF for the combustion of fuels representative of ecosystems 

commonly managed with prescribed burning in SW and SE U.S. EF were determined by 

measuring particulate and gas phase emissions from the burning of fuels in the large scale 

combustion facility at U.S. Forest Service (USFS) Missoula Fire Sciences Laboratory. The 

current study presents only a subset of results and the other results from lab and field 

components are published elsewhere (Burling et al. 2010, Hosseini et al. 2010, Burling et al. 

2011, Veres et al. 2010, Roberts et al. 2010). 

4.3. Experimental Methods 

4.3.1. Fuel type description 

Samples of vegetation representing important wildland fuel types on Department of Defense 

installations in the southwestern and southeastern U.S. were harvested in the field and 

shipped to the U.S. Forest Service Fire Sciences Laboratory (FSL) in Missoula, MT in 

January 2009. These fuel types commonly occur in these two regions. The fuels were stored 

and then burned in the FSL combustion facility in February 2009. 

Table ‎4.1 describes the species composition and chemistry of vegetation comprising each 

fuel type studied and provides the three-letter fuel code used for fuel type in this paper. This 

list encompasses 9 and 4 fuel types from the SW and SE that were provided by the United 

States Forest Service (USFS). Further details regarding the fuels are provided in Burling et al. 

(2010).  
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Fuels were analyzed for chemical composition by first grinding the plant tissues (wood and 

foliage) into a uniform coarse material using a Thomas Model 4 Wiley® Mill4. The samples 

were further ground to extremely fine particles using a mortar grinder. Approximately 5g of 

each fuel sample was analyzed for C, H, N, S, and O using a combustion technique 

(McGeehan and Naylor (1988)) on a Thermo Fisher Scientific FlashEA 1112 Series 

Elemental Analyzer (Table ‎4.1). The vegetation components comprising the fuel beds were 

also analyzed by an outside laboratory (University of Idaho Analytical Sciences Laboratory) 

for Cl, K, and Na content (Table 1). The content of Cl, K, and Na varied greatly with 

location of origin and plant type (see Table 1). Because we did not measure fuel 

consumption by vegetation component, we cannot quantitatively link element loss in the 

fuels to the particle and gas-phase emissions. However, we have estimated lower and upper 

limits on element release for each fuel type and aggregated these limits to provide a 

representative value for each location (see Table 1). The purpose of these representative 

values is to illuminate the role of fuel chemistry in aerosol element emissions they are not 

intended for developing quantitative relationships. 

4.3.2. Combustion Facility and Burn procedure 

Experiments were conducted at the U.S. Forest Service's combustion facility at the Fire 

Sciences Laboratory (FSL) in Missoula, MT. The facility is a large air-conditioned chamber 

that measures                   in height (Figure ‎4.1). A 3.6 m inverted funnel 

opening approximately 2 m above the floor captures the smoke from fires on a continuously 

                                                
4 The use of trade names is provided for informational purposes only and does not constitute endorsement 

by the U.S. Department of Agriculture. 
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weighed fuel bed. The smoke is then directed through a 1.6 m diameter exhaust stack that 

exhausts through the ceiling. The room is pressurized slightly to ensure complete 

entrainment of fire emissions. A large sampling platform surrounds the stack at 17 m 

elevation where an Open Path Fourier Transform Infrared Spectrometer (OP-FTIR) and a 

suite of particle instrumentation were located (Figure ‎4.2). The smoke at the height of 

sampling platform is well-mixed and has the same temperature and mixing ratios across the 

stack diameter (Christian et al., 2003, Christian et al., 2004). The fuel bed was an aluminum 

frame with wire mesh and removable heat-resistant 1.27 cm Kaowool M Board that was 

removed depending on the physical characteristics of the vegetation. Two electronic 

balances continuously recorded the mass of the fuel. The stack exhaust fan speed was 1.5 

and 3.0 m/s for majority of the burns. Nearly all of the fires were ignited with a propane 

torch, a small number were ignited using isopropyl alcohol in addition to the torch. 

Additional information on the FSL combustion facility may be found in (Christian et al., 

2004). 

4.3.3. Measurement system and sample analysis 

Three filter sampling systems (FS1, FS2, UCR) simultaneously pulled the smoke sample 

from the exhaust stack through a cyclone, and then onto quartz and Teflon filters 

(Figure ‎4.2). The cut-off sizes and set flow rates are as follows: two cyclones with cut-off 

diameters of 2.5 and 3.5 μm were installed on the FS1 and FS2 lines operating at 30 and 28 

lpm, respectively. A 2.5 μm impactor (     ) distributed the smoke samples between filter 

samplers QF1,2 and TF1,2 at 25, 23, 27, and 22 lpm (UCR), respectively. For 43 of the 77 

burns, FS2 was loaded with Teflon filters while FS1 was loaded with a quartz filter. 



112 

However, for 24 of the burns FS1 and FS2 were loaded with Teflon filters. QF1,2 and TF1,2 

were always loaded with quartz and Teflon filters, respectively. Since duplicate 

measurements were made by UCR and the USFS (FS1 and FS2), the two subsets were 

ultimately combined to form the larger data set that is used in this study. UCR used 47 mm 

Quartz (2500QAT-UP Tissuquartz™, Pall Corporation, NY) preconditioned at 600 °C for 5 

hours and pre-weighed 47 mm Teflo® (2μm pore, Pall Corporation, NY) filters.  

In addition to the sampler system described previously, several particulate phase instruments 

were also located on the platform: an Aerodyne High Resolution Time of Flight Aerosol 

Mass Spectrometer (HR-TOF-AMS), an Ultrafine Condensation Particle Counter (UCPC 

Model 3776, TSI Inc.), a Scanning Mobility Particle Sizer (SMPS), a Fast Mobility Particle 

Sizer (FMPS Model 3091, TSI Inc.), Aerodynamic Particle Sizer (APS Model 3321, TSI Inc.), 

a Micro-Orifice Uniform Deposit Impactor (MOUDI), and a Dekati® Mass Monitor 

(DMM). 

A single 1.0 cm   1.5 cm punch from each quartz filter was analyzed for elemental and 

organic carbon by both UCR and the USFS with a Sunset Laboratory (Forest Grove, OR) 

Thermal/Optical Analyzer following NIOSH 5040 reference method (1996) (Birch and 

Cary, 1996). Pre- and Post-experiment Teflon filter weights were obtained following Code of 

Federal Regulations (CFR40 1065, 2005). 

Following gravimetric analysis, elemental composition of the deposited material on the 

Teflon filters was determined using by X-ray fluorescence (XRF). The USFS samples were 

analyzed by Chester Labnet (Tigard, OR) using U.S. EPA Method IO-3.3. The UCR samples 
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were analyzed by the South Coast Air Quality Management District (SCAQMD, Diamond 

Bar, CA) using a PANalytical Epsilon 5® Energy Dispersion X-Ray Fluoresce (EDXRF) 

equipped with dual anode (Scandium/Tungsten) X-ray tube. Each filter was analyzed ten 

separate times using ten different excitation conditions under vacuum. The instrument 

software deconvoluted and calculated the concentration for each element in μg/m3. For the 

EDXRF technique, Analytical quality control was determined by testing NIST Standard 

Reference Material 2783. Most USFS Teflon filters were analyzed by XRF method for 29 

burns, while UCR analyzed one filter for each fuel type. 

A set of 47-mm Teflon substrates was used for Ion Chromatography (IC) analysis following 

California Air Resources Board Method MLD 142. The filters were extracted by sonication 

into deionized water and small amount of isopropyl alcohol. Aliquots of the extract were 

then filtered and analyzed on a Dionex DX-120 ion chromatograph. The analysis yielded 

concentrations of the following ions: sulfate, nitrite, fluorite, chloride, bromide, sodium, 

ammonium, potassium and calcium. 

The 47-mm quartz substrates were spiked with 13C labeled levoglucosan (purchased from 

Cambridge Isotope Laboratories Inc., Andover, MA) and select deuterated PAHs. The 13C 

spike volume was calculated based on the organic carbon content of each filter (µg/filter), 

whereas the PAH spike volume was maintained constant at 100 µL on each filter. The filters 

were extracted using dichloromethane and acetone (50:50) by a Dionex® Automated 

Solvent Extractor 200 (ASE). Half of the extracted volume was used for levoglucosan 

analysis and the other half for the PAH analysis. 
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The half of the extracted sample used for PAH analysis was concentrated to 5 mL by rotary 

evaporation using a BUCHI-3000 evaporator. The sample was further concentrated to 1.5 

mL with a nitrogen stream. This final volume was transferred to amber wide crimp top vials, 

sealed and analyzed on a Agilent® 5973 GC-MS equipped with a Programmable 

Temperature Vaporizer (PTV) large volume inlet (7683 Series). 

The other half of the extracted sample was concentrated to 5 mL by rotary evaporation 

using a Buchi® R-3000 Rotary evaporator. This sample was further evaporated to 250µL 

aliquot using nitrovap. 50 µL of the aliquot was carefully transferred into an amber vial and 

nitrovaped to dryness. The sample was then derivatized for 2 hours at 70°C with 50µL of 

N,O-bis(trimethylsilyl) trifluoroacetamide and 25µL of pyridine (obtained from Sigma-

Aldrich Chemle GmbH, Switzerland). The sample was subsequently re-diluted to a specific 

calculated volume based on expected LV concentration, transferred to an amber wide crimp 

top vial, sealed and analyzed on the GC-MS. The mass spectrum of levoglucosan 

tritrimethylsilyl ether exhibited only a small molecular ion (m/z 378) with fragments due to 

loss of CH3 (m/z 363), CH5Si (m/z 333), C6H17OSi2 (m/z 217) and C7H18OSi2 (m/z 204, 

base peak). Fragments 217 and 333 were used for quantification. 

The general fire behavior (i.e. the relative amount of flaming and smoldering combustion) 

was characterized using Modified Combustion Efficiency (MCE) based on CO and CO2 

concentrations measured by OP-FTIR (further details in Burling et al. (2010)). The MCE is 

defined as the fire-integrated excess ratio of CO2 to CO plus CO2 (Ward, D. E. and Radke 

(1993):  
    

        
 ). It was assumed that the background concentrations of CO and CO2 
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were constant during the burns and were equal to their 1-min averaged concentration prior 

to ignition. 

4.4. Results and Discussion 

77 fuel beds were burned in an 18 day period in February 2009. Mean temperature and 

relative humidity in the facility during this period were 23.7 °C (s.d. = 2.0) and 15.2% (s.d. = 

3.5), respectively. While in storage, the samples lost much of the moisture normally 

contained in the plant tissues so the samples that were burned did not represent the moisture 

content of the living vegetation when normally burned during either a prescribed burn or 

wildfire. Moisture content of the SW fuels ranged from 4 to 33%; moisture content in living 

chaparral ranges from 70-160% over the normal growing cycle (Countryman and Dean, 

1979). Similarly, moisture content of the SE fuels ranged from 3 to 32%; moisture content in 

living evergreen pocosin shrubs ranged from about 70 to 250% (Blackmarr and Flanner 

1975). The arrangement of the fuels significantly affected the fuel consumption. Initially, five 

chamise/scrub oak and three ceanothus fuel beds were arranged vertically; however, the fire 

failed to spread well resulting in low fuel consumptions of 3% to 52% (average: 26%). The 

remaining fuel beds were arranged horizontally, which greatly increased fuel consumption to 

~90% for the rest of the burns. A total of 77 fires (71 from SE and SW fuel beds) were 

conducted at the Missoula FSL combustion facility in February 2009. 

4.4.1. Determination of the mix of Combustion Processes 

Modified Combustion Efficiency (MCE) (Ward, D. E. and Radke (1993), Yokelson et al 

(1996)), calculated for each burn, was used to ascertain the relative amount of combustion 
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processes (e.g., smoldering, and flaming; average MCE is shown in Table ‎4.1). The average 

of fire-integrated MCE values for all burns is 0.94±0.002 (median: 0.942; range: 0.868 - 

0.975) indicating that all the burns had a mix of flaming and smoldering with high MCE 

indicating relatively more flaming. The coefficient of variation of MCE in this study is much 

smaller than some previous studies (e.g. 0.5% vs. 3.1% McMeeking 2009). 

4.4.2. Fuel Moisture versus MCE 

Fuel Moisture (FM) may weakly affect the average burn MCE (Figure ‎4.3). Figure ‎4.3 was 

produced combining data from this study with a selected other lab studies: Weise et al. 

(1991) for California chaparral, Keene et al. (2006) for African savanna, and McMeeking et 

al. (2009) for a wide variety of U.S. domestic fuels. The plot shows that all these studies have 

consistent MCE-FM results. The upper bound of MCE for FM>20% stays relatively flat 

around 0.95 while the lower bound decreases with increasing FM. Upper and lower bounds 

both sharply converge to MCE=1, when FM<20%. The downward and upward triangles in 

Figure ‎4.3 indicate heading and backing fires, respectively (Keene et al., 2006). As can be 

seen for FM up to 20%, MCE appears to be bound by the fire propagation dynamics 

(backing/heading fire). Backing/heading fires represent two limiting combustion cases: A 

heading fire has larger flames, spreads faster and leaves more un-burned fuel behind while a 

backing fire has smaller flames, slower propagation rates and has higher combustion 

completeness (Ward, 1998, Peterson and Leenhouts, 1997). For example, Lobert et al., 1991 

observed a 40% increase in the CO/CO2 ratio going from a backing fire to a heading fire for 

laboratory savanna grass burns. The propagation factor (heading/backing fire) does not 
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seem to be the dominant factor in MCE values for FM>30%, since after this point the MCE 

is seemingly not bound by backing/heading fire data points. 

4.4.3. Total Particulate Emissions 

4.4.3.1. Particle Matter Mass Emission Factors 

The EFs in the current study are calculated based on the carbon mass-balance method 

(Ward et al., 1979, Yokelson et al., 1999, and Burling et al., 2011). Table ‎4.1 presents average 

particle emissions factors for each fuel type studied. The average emission factors for PM2.5 

(g PM2.5 per kg dry biomass burned EFPM2.5) measured in this study are plotted versus 

average MCE (Figure ‎4.4). Also included are data points from previous studies that 

examined similar fuels, as well as trend lines from earlier lab and airborne studies. Hereafter, 

we will use notation of EF g/kg< MCE> for reporting emission factor and MCE. 

The laboratory study of McMeeking 2009 reported an average EFPM2.5 for chaparral fuels 

of 11.6±15.1 g kg-1<0.909±0.029> that includes 7.8±1.2 g kg-1 <0.913±0.012> , 6.5±4.2 g 

kg-1 <0.914±0.030>, and 23.5±25.9 g kg-1 <0.899±0.030> for cea, chs, and man, 

respectively. The current study has lower PM emissions for chs and man, mainly attributed 

to the higher MCEs (for these specific fuels) in this study. However, cea is higher in the 

current study, likely due to lower combustion temperatures from the poorly combusted fuel 

bed. The EFPM2.5 response to MCE in our study (slope = 248.8, Figure ‎4.4) is 80% of that 

reported by McMeeking (2009) (slope = 311.1, Figure 9 of McMeeking et al. (2009) for 

EFPM2.5).  
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Size-resolved PM mass speciation using a micro-orifice uniform deposit impactor (MOUDI) 

was obtained for 6 burns (Figure ‎4.5). The size distribution of PM peaked in the particle 

accumulation mode with an aerodynamic diameter that ranged (depending on fuel type 

shown in parentheses) between the 8th stage (2yr/CL and 1 yr/CL; 0.18 μm cut-size) and 

10th stage (oas, cea, cuh, and mes; 0.056 μm cut-size). The PM mass in the size range 3.2-

18μm varied between 2-18% of the PM3.2 mass with an average of 10%±6%. The ratio of 

EFPM3.5 to EFPM10 was 1.00-1.07; this is consistent with the PM10 to PM2.5 mass ratio 

of 1.09 of McMeeking et al. (2009). For quality control purposes, we correlated the total 

accumulated mass on the MOUDI stages against the Teflon filter mass on the same fire. The 

total accumulated MOUDI mass was 27% higher than the Teflon filters mass (the 

correlation is shown in Figure ‎4.5-(g), r2=0.99). According to Reid et al. 2005, coarse-mode 

particles can contribute to 10-20% of the total collected PM mass consistent with the current 

study. 

4.4.3.2. Particulate Matter Number Emission Factors 

Figure ‎4.7 and Table ‎4.3 present the fire average particle number emission factors for SW 

and SE fuel types. The number emission factor was measured and reported separately for 

two instruments: the ultra-fine CPC Model 3772, TSI Inc. (measuring size range: 2.5nm-

3μm) and the Dekati® Mass Monitor (DMM) (measuring size range: 0-1.2μm). CPC 

Average EFPN were calculated to be (5.2±2.7) 1015, (4.7±1.3) 1015, and (7.8±1.9) 1015 

for fuels from the chaparral group, FHUA (SW), and camp Lejeune (SE), respectively. 

Similarly, average DMM EFPN were (5.3±1.6) 1015, (3.7±1.2) 1015, (6.5±2.2) 1015 for 

fuels from chaparral group, FHUA (SW), and camp Lejeune (SE), respectively. These EFPN 
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are in agreement with the estimate of Andreae and Merlet (2001) that suggest an EFPN of 

3.4 1015 particles per kg of fuel burned for Aitken nuclei/condensation nuclei aerosol. 

Differences between particle number emission factors from different fuel types in the 

current study are explained based by their respective MCEs (Figure ‎4.8). In general, the 

lower SE MCE values compared with higher SW MCE values result in the higher SE particle 

number emission factors compared with SW fuels. 

The airborne EFPN3μm of (3.0±1.7) 1016 of Sinha et al. (2003) (CPC TSI 3025A) from 10 

savanna fire smoke plumes in Africa with very little aging was an order of magnitude higher 

than this study. The rapid production of ozone and organic acids observed in their airborne 

FTIR measurements indicate ongoing photochemistry in the plume suggesting the possibility 

of new particle formation. An airborne study of Amazonian deforestation, Guyon et al. 

(2005), measured an EFPN3μm of 4.6 1014-1.1 1016 particles/kg fuel burned covering 

the wide range of lab and field study values. 

Figure ‎4.6 presents the EFPN by the CPC versus the EFPN by the DMM. As shown, there 

is a relatively large coefficient of variation (with r2=0.63) in comparing the CPC and DMM. 

The overall particle number emission factor of CPC is observed to be about 82% of the 

DMM. As shown in a previously published article from this study (Hosseini et al., 2010), the 

geometric mean diameter of particles decreases as the fire evolves from flaming phase into 

smoldering phase. It is noted that the DMM requires a robust size distribution to accurately 

invert the electronic signals to number concentrations leading to greater variability in 

number count and possible biases in absolute number concentrations. Therefore, varying 

PN size distributions and different particle size ranges of the two instruments gave rise to 



120 

the discrepancy; the ultrafine CPC 3776 has a particle size lower detection limit of 2.5 nm 

and the DMM has a size range of 0 to 1.2 µm. 

Similar to the observed dependency of PM mass on MCE, the linear correlation of EFPN of 

CPC and DMM with MCE is obtained (Figure ‎4.8). As shown, MCE and EFPN are weakly 

anti-correlated (rCPC2=0.27, rDMM2=0.33) which shows some natural variability and may 

reflect the wide range of fuel types of this study. The regression lines in this study are 

comparable to previous field studies. The airborne study of Guyon et al. (2005) who 

observed biomass burning of Amazonian forests reported a regression line of EFPN=(-

2.80 MCE+2.76) 1016 that is 37% of the EFPN observed in this study. The Janhall et al. 

(2010) review paper, based on airborne measurements of biomass burning of three fuel types 

(forest, savanna, and grass), estimates a regression line of EFPN=(-3.46× 

MCE+3.44)×1016, about half the EFPN measured in the current study. These differences 

are easily attributed to coagulation losses of nucleation mode particles on short time scales 

(Reid et al., 1998, Akagi et al., 2012; Reid et al., 2005a, b). Moreover, the regression line 

calculated by Janhall et al. (2010) uses data points acquired from a Passive Cavity Aerosol 

Spectrometer Probe (PCASP), which has a lower cut-size of 100nm compared to the cut-size 

of 2.5 nm in the current study. 

4.4.4. Particle Component Emission Factors 

4.4.4.1. Organic and Elemental Carbon Thermal Optical Analysis 

Integrated EFOC, g carbon/kg fuel burned, for all the burns is plotted as function of MCE 

(Figure ‎4.9-b). EF OC is observed to negatively correlate with MCE (r2=0.72 ). lit/FB from 
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SE fuels emitted the highest amount of OC per kg fuel burned (10.60±3.64 g kg-1 

<0.894±0.017> ), and oas/FHUA from SW the lowest (0.44±0.10 g kg-1 <0.971±0.004> ). 

Comparisons of literature EFOC must account for MCE since OC emission factors are 

highly dependent on MCE. McMeeking et al. (2009) reports EFOC of 1.8 <0.913>, 1.5 

<0.914> , and 7.1 <0.899> g/kg dry fuel for chaparrals cea, chs, man, respectively, similar 

to values in Table ‎4.2 but slightly overestimated by the proposed EFOC vs. MCE line 

(Figure ‎4.9-b). Andreae and Merlet (2001) suggest EFOC of 3.4 g kg-1 <0.94> for savanna 

and grassland that agrees well with the given EFOC-MCE linear fit. Overall, SE fuels 

generally led to higher EFOC compared to SW fuels at similar MCEs. The only exception is 

cuh/CL of SE, which was similar to SW fuels. 

Integrated EFEC as a function of MCE is plotted in Figure ‎4.9-a. The EFEC (g/kg) ranged 

from 0.47 g kg-1 <0.965> to 1.54 g kg-1 <0.944> for SW fuels and from 0.41 g kg-1 

<0.954> to 1.51 g kg-1 <0.945> for SE fuels, respectively. The highest EFOC in SE and 

SW group is from cas/FHL and uh/CL, respectively; the lowest EFEC for SE and SW were 

cuh/CL and oaw/FHUA. No EFEC ecosystem dependency was observed. Further, 

Andreae and Merlet (2001) suggest an EFEC of ~ 0.48 g kg-1 <~0.94> for savanna and 

grassland fuels that is comparable with the average of chaparral fuels in this study 1.08 g kg-1 

<0.945>. Check Akagi et al 2011 EFEC. The correlation between EFEC and MCE is much 

weaker (r2=0.10) than correlation between EFOC and MCE. 

Intense flaming significantly increases the fraction of elemental carbon (EC) emissions in the 

total PM carbon emissions (TC). Figure ‎4.10 illustrates the relationship between the EC/TC 

ratio and average MCE. EC/TC was lower than 0.15 for MCEs smaller than 0.93, while this 
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value strongly rose to 0.7 for MCEs larger than 0.95. The results are consistent with previous 

studies (e.g. as shown in the figure: McMeeking et al. (2009), Christian et al. (2003)). Reid et 

al. (2005) suggests values between 0.05 and 0.18 for flaming, and 0.03 to 0.075 for 

smoldering. However, Reid et al. define smoldering as MCE<0.9; furthermore, their EC/TC 

numbers mostly originate from field studies, which rarely achieve MCE<0.95 compared to 

up to 0.98 achieved in the lab where EC/TC rises quickly. Even accounting for MCE, field 

EC/TC values are lower than lab EC/TC. For example, the airborne study of Sinha et al. 

(2004) sampled fires from African savannah grasses. They measured EC/TC ratios of 0.135 

<0.959> and 0.255 <0.976> for miombo woodland and dambo grass gland fires, 

respectively. During the flaming phase in our experiment, we observed temperatures up to 

~70 °C at the instrumentation platform level; it is possible that the NMOC require more 

time to condense to the particle phase, as indicated by the lower EC/TC ratios of airborne 

studies. 

EC/TC ratio increases rapidly as MCE increases past 0.94 (Figure ‎4.10). The same fact can 

be seen in Figure 9 (a)-(b) of McMeeking et al. (2009). Reid et al. (2005) also noted through 

investigation of previous studies on fires from savanna/grass/cerrado, tropical forest, etc. 

for phases of flaming/smoldering set forth that the black carbon content of PM during 

flaming can be a factor of 5 higher than during smoldering. 

Compared to McMeeking et al., 2009, current study has nearly seven times higher adsorption 

artifacts for OC >500       and almost twice higher for 0-100       (Figure ‎4.12), and 

the data is more scattered as well. The mass fraction of artifact exponentially, 

0.146+0.355e−0.004x and 0.021+0.173e-0.012x, decreased with increase in concentration of 
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smoke for the current and McMeeking et al. studies, respectively. McMeeking et al., 2009 

used significantly less amount of fuel for each burn and this might have led to cooler diluted 

smoke, enhanced partitioning of gas into particle phase, and subsequently less artifacts, while 

in the current study the weight of the fuel bed varied between 250 and 5,500 grams 

averaging 2470±1090 g. 

McMeeking et al. 2009 reported an exponential function for the ratio of carbon artifacts 

(SVOCs) collected on the back filter to front filter OC. a plot of artifacts (SVOC) collected 

on the back shows  

4.4.5. Particle Inorganic Content 

4.4.5.1. Particle Inorganic Content Metals: X-ray Fluorescence (XRF) Analysis 

Teflon filters collected on 50 different burns were analyzed for Cl, Br, Si, P, S, and metals 

(atomic mass number Na-Pb). The dominant elements, by mass fraction, in order of 

decreasing median ranking by burn were K, Cl, Na, S, Zn, Mg, Si, and Ca with potassium the 

dominant element in 47 of the 50 filters analyzed. In the vast majority of burns with XRF 

data (28 of 50) the elements K, Cl, Na, and S comprised >90% of the inorganic elemental 

mass. As discussed in Akagi et al. (2011), the properties of particles emitted by biomass 

burning can change rapidly after emission. The cooling/dilution regime experienced by 

emissions in the laboratory may be very different from that realized by emissions of a “real 

fire” burning in the natural environment. It is possible the contribution of semi-volatile 

organic compounds to organic particle formation and growth is not as efficient in the lab 

environment. However, the amount of elemental carbon and metals cannot change after 
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emission. Therefore, the EF of inorganic elements measured in our laboratory burns are 

applicable to fires in the natural environment; however, the mass percentages are likely 

overestimated due to incomplete condensation of gas-phase SVOC.  

The mass of all inorganic elements as a percent of total PM2.5 mass ranged from 1-56% and 

varied strongly with fuel type and source location. The mass percent for K, Cl, Na, and S are 

shown in Figure ‎4.13. Fuels harvested from SW consistently produced particles with higher 

K and Cl mass fractions than the fuels from SE (Figure ‎4.13). By source location, the 

average K and Cl mass percent for SW fuels was: VAFB: K = 17.1(± 4.0)%; Cl = 16.4(± 

5.3)%, FHL: K = 10.5(± 5.1)%; Cl = 4.9(± 3.4)%, and FHUA: K = 13.7(± 3.0)%; Cl = 

6.9(± 1.3)% for FHUA. The particulate mass fractions of these elements are higher than in 

previous reports, which may be due to incomplete condensation of gas-phase NMOC as 

plume cools. However, Chang-Graham et al. (2011) noted unusual metallo-organic species 

noted detected previously in biomass burning aerosol and hypothesized that land use 

practice on the military bases where the fuels were collected could contribute. Further, the 

ratios between metals and metals and EC should not be affected by any possible temperature 

artifacts. 

The PM mass fractions of Cl, K, (and also Na for VAFB), and the sum of all inorganics 

produced by the southwestern fuels are on the upper end of values found in the literature. 

The studies reviewed by Reid et al. (2005), which covered a wide-range of biomass (South 

American grassland, African savanna, Cerrado, and North American temperate forest, and 

tropical broadleaf forest) reported that inorganic trace species emissions were highly variable 

and accounted for ~5-15% of PM mass. Of 10 studies reviewed by Reid et al. (2005), the 
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percent of PM mass consisting of K ranged from 0.4-18% and the Cl mass percent ranged 

from 0.2-11%. Andreae and Merlet (2001) recommend particulate K emission factors that 

correspond to 6%, 3%, and 1-3% of their recommended EFPM2.5 for savanna/grassland, 

tropical forest, and extra-tropical forest biomass, respectively. In the laboratory study of 

McMeeking (2009), results for a large variety of fuels, classified according to five broad 

vegetation groups (montane, rangeland, chaparral, southeast U.S. coastal plain, boreal) 

produced average mass percents of K and Cl that each ranged from ~0.3-6%. At the less 

generalized classification of fuel type, the results of McMeeking (2009) differ widely, with the 

mass percentages of K and Cl varying between 0.1-19.4% and 0.1–18.4%, respectively. In a 

laboratory study of fuels from Indonesia and Africa, the sum of K and Cl typically accounted 

for only a few percent of PM mass, with the exception of invasive fire-maintained alang-

alang grass from Indonesia which generated PM that was ~28% Cl and ~19% K by mass 

Christian et al. (2003). Only two studies reported PM mass fractions of K and Cl for fuels 

similar to our southwestern fuels. McMeeking (2009) found that the fraction of PM2.5 mass 

comprised by K and Cl ranged from 1.6-9.5% and 0.4-6.1%, respectively for the chaparral 

varieties ceanothus, chamise, manzanita and sagebrush. In another laboratory study, K and 

Cl made up ~24% and ~10%, respectively, of total PM mass emitted by sagebrush 

combustion (Chen et al., 2007). 

Emission factors for K, Cl, Na, and S in PM2.5 are provided in Table ‎4.3. EF for K, Cl, and 

Na varied significantly by fuel. Fuels from VAFB and FHL had the largest EFK, EFCl, and 

EFNa (with VAFB being significantly larger than FHL), while the fuels from the southeast 

had the smallest. EFK, EFCl, and EFNa were highest for the fuels from VAFB and FHL 
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and lowest for the southeast fuels. The oas and oaw fuels from FHUA had EFK, EFCl, and 

EFNa similar to the southeast fuels, while EFK and EFCl for mes was comparable to that 

measured for the Pacific coast fuels (VAFB and FHL). The differences can be explained 

largely by the chemical composition of the vegetation making up the fuels. The VAFB and 

FHL fuels had representative Cl, K, and Na (Table ‎4.1). In contrast, the SE fuels and FHUA 

oas and oaw had concentrations of these elements that were very low (Table ‎4.1). The 

chemistry of the mes from FHUA was an outlier, high in Cl and K, but low in Na. The high 

Cl and K for the mes fuel were largely due to the desert broom component, a shrub species 

that has been identified as a possible element hyper-accumulator.  

We may compare our chaparral metal/halogen results with McMeeking et al. (2009) which 

reports chaparral emissions for K, Cl, Na, and S. Our chaparral average EFK of 0.652 g kg-1 

is similar to McMeeking et al. (EFK = 0.50 g kg-1), while our EFCl is about three times as 

large (0.471 g kg-1 vs. 0.20 g kg-1) and our EFNa differs greatly (0.143 g kg-1 vs. 0 g kg-1). 

Considering the strong link we observed between the element content of the fuels and their 

respective particle EF, it is likely the differences in EF are due to fuel chemistry. McMeeking 

et al. do not report fuel chemistry; however, it is possible the Cl and Na content of the fuel 

samples burned their study was significantly less than that in our study. Among the 

southwestern fuels, those with an ‘oak’ wood component (chs of California, oas and oaw of 

Arizona) produced particles with K (9.4±3.2%) and Cl (2.4±1.1%) mass fractions that were 

significantly lower that of the other 6 fuels types studied from this region (average 

18.0±4.4% and 11.9±5.5%) – see Figure ‎4.13. Inter-fuel differences for both elements are 

significant at the p <0.001 level. These observations, along with the lack of a significant 
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correlation with MCE, indicate that location and vegetation composition both influence the 

chemical composition of fuels. We believe both factors are responsible for the difference in 

EFCl and EFNa observed between our study and McMeeking et al. The Cl content in 

vegetation and chloride deposition has been observed to show a strong gradient with 

distance from the Pacific coast (McKenzie et al., 1996). Since our chaparral fuels were 

sampled at coastal sites, while, McMeeking et al. studied chaparral harvested 150 km east of 

Los Angeles, the fuels used in the later study would be expected have a lower content of Cl, 

Na, and other sea-salt elements. 

The percentage of particulate mass as K or S was weakly correlated with MCE (r2 = 0.20 for 

K and r2 = 0.40 for S), while the Cl and Na mass fractions had no correlation. The lack of a 

significant correlation between inorganic particulate emissions and MCE is consistent with 

the findings of McMeeking (2009) and Christian et al. (2003) although Ward and Hardy et al. 

(1996) found EFK (flaming) was roughly 10× higher than EFK (smoldering). The Ward and 

Hardy (1991) study were all from fires of the same fuel type; whereas this and the other 

studies cited were across many different fuel types. It is possible that the fuel variations may 

mask any MCE dependence for these studies. 

The particulate emissions of Cl and gas-phase HCl (EFHCl) were not correlated with MCE 

and we suspect their variability is driven by fuel composition. Any underlying dependence of 

PM Cl and HCl emissions on combustion behavior, in particular the partitioning of evolved 

fuel Cl between the gas and particulate phase, if present, may be masked by wide variations 

in fuel Cl content. The EFs of particulate Cl to HCl as a function of MCE was observed to 

account for the variability of the fuel Cl content. No significant correlation between the ratio 
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EFPMCl/EFPMHCl and MCE (plot not shown) was observed, a result that indicates 

combustion behavior (as represented by MCE) is not an important factor in Cl partitioning 

between these two species. 

4.4.5.2. Ionic Inorganic species 

Inorganic ion species emission factors are provided in Table ‎4.4. Similar to the emission 

factor of crustal elements, potassium and chloride were the most abundant ions and were 

strongly correlated with each other (slope=1.03; r2=0.89). Fuels from southwest, compared 

to the fuels from southeast, emitted much higher amounts of Cl-, K+, SO4
2-, Na+ per unit 

mass of fuel burned. This is consistent with our results from the previous section. The mass 

concentration of nitrite, nitrate, and ammonium for most of filters was below detection limit. 

These species grow rapidly post emission as reported elsewhere (Yokelson et al., 2009, Akagi 

et al., 2012). 

Chlorine was the most abundant inorganic species in the PM2.5 aerosol, accounting for 0.4-

24.5% of the soluble inorganic mass concentration. McMeeking et al. (2009) found that 

chlorine accounted for 2-9% of PM2.5 mass for several of the same fuels burned in this 

study including chaparral and sagebrush. Similar to our study, they observed high Cl- mass 

fraction (60% of inorganics). EFCl- varied from 0 to 1.23 g/kg of fuel burned depending on 

the fuel type and source location. The study average was 0.34±0.35 g/kg. The EFCl- 

reported were 1-2 g/kg, 0-1.8 g/kg, 0-1.8 g/kg, and 0-3.2 g/kg from Andreae and Merlet 

(2001), Christian et al. (2003), Keene et al. (2006), and McMeeking et al. (2009), respectively. 
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Sulfate emission factors ranged from 0 to 0.22 g SO4
2-/kg fuel and were weakly correlated 

with MCE (r2=0.48). Also comparing XRF to IC results, it can be inferred that ~89% of the 

particulate sulfur element is in the form of SO4
2-. Sinha et al. (2003) estimated an average 

0.16 g sulfate per kg of fuel burned for savanna fires, while Andreae and Merlet (2001) 

recommended 0.37 g/kg. EFSO4
2- is affected by the age of smoke and the nutrient content 

of the fuel (Yokelson et al. (2009)). As a smoke plume ages, the SO2(g) oxidizes in aqueous 

phase to H2SO4 and then partners with positive ions such as potassium and ammonium in 

the particles, thereby increasing aerosol SO4
2- percent mass over time. In the airborne studies 

of northern tropics deforestation, Yokelson et al. (2009) showed that sulfate mass 

concentration can increase 3 times during a time interval of ~1hr. In their study, sulfate 

made up to 1.5% of PM1 mass from nascent smoke, while in our study it made up to 7.5% 

of PM2.5 mass for very fresh smoke. The sulfate content differences are attributed to the 

different sulfur content of the fuel. In our study, sulfate was also weakly correlated with 

MCE (r2=0.48). 

Non-soil, non-sea-salt Potassium (often denoted “nsnss-K”) is an important tracer of 

biomass burning aerosol (Andreae and Merlet, 2001). Potassium was the second-most 

abundant ionic species in this study varying between 0.03 to 1.40 g/kg fuel burned. The 

emission factor of potassium from XRF was 12% higher than the ionic K from Ion 

Chromatography (IC) (r2=0.83) indicating the vast majority of potassium is in ionic form. 

Our results are consistent with the laboratory studies of McMeeking et al. (2009) and 

Christian et al. (2003) that reported emission factor of 0.03 to 1.50 g/kg for a variety of US 
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domestic fuels, and 0.02 to 1.29 g/kg for African, Indonesian fuels. However, we report 

EFK+ that is twice the EFK+ that McMeeking et al. (2009) obtained for chaparral. 

Among all the southeastern and southwestern fuels, fuels from VAFB had the highest mass 

percent of ionic inorganic species ranging from ~9-62%, while emissions from Camp 

Lejeune fuels had the lowest amount of inorganic PM (~2-15%). Other than fuel source 

location, fuel type also affected the ionic species emissions. For example, among the fuel 

from VAFB, fuel code 'man' has the least amount of Cl- (301.03±97.73 mg/kg fuel burned), 

while fuel code 'cas' from the same location has the greatest amount (1405.99±457.22 mg/kg 

fuel burned). These observations coupled with the lack of significant correlation with MCE 

suggest that fuel composition and vegetation type play the dominant role in emissions of 

ionic species. Very little to lower than detection limit amounts of calcium, ammonium, 

bromide, and nitrite were found. These species plus fluoride comprise the remainder of the 

inorganic ions. No dependency on MCE was observed for any these ions. A slight 

correlation between Na+ and MCE (r2=0.19) without any regional dependency was 

observed. 

4.5. Elemental Analysis of the PM filters  

4.5.1. Mass Balance 

PM2.5 mass was reconstructed based on OC, EC, metals, and water-soluble ions from Ion 

Chromatography (IC) analysis. The relation that is considered here is as follows: 

                  ∑      ∑     Eq. ‎4.1 
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where the terms of the right hand side are the sum of emission factors of elemental carbon 

(EFEC), organic mass (EFOM=factor×EFOC), elemental crustal material(∑     ), and 

inorganic salts (∑    ) for the ith burn. 

Mass reconstruction followed Levin et al. (2010); Cl- was paired to K+ as KCl, excess K+ was 

then balanced with K2SO4 and KNO3, whereas, excess Cl- was balanced with NH4Cl and 

NaCl. Any remaining ions were explicitly accounted for in the salt group. Following the 

IMPROVE protocol (Pitchford et al., 2007), an assumption was made to consider all Ca and 

Al from XRF analysis as CaO and Al2O3 . 

The EF of organic matter (EFOM) was estimated by multiplying the organic carbon 

emission factor by a factor of 1.52 to account for associated O, H, and N. This OM/OC 

value minimizes the difference between the actual and the constructed PM masses, is within 

the range recommended by Reid et al. (2005), and is consistent with the OM/OC ratio 

acquired by the AMS in this study (Qi et al., 2012). Additionally, the value is similar to the 

factors of 1.5 and 1.55 used by Levin et al. (2010) and McMeeking et al. (2009), respectively. 

A coefficient of determination of 0.94 is observed. 

4.6. Emission Factors of Levoglucosan 

Levoglucosan (1,6-anhydro-β-D-glucose), a tarry anhydro sugar and by-product of pyrolysis 

of cellulose, is a well-established biomass burning marker (Shafizadeh and Fu, 1973, 

Shafizadeh et al., 1979, Shafizadeh, 1984, Simoneit et al., 1999). Cellulose itself accounts for 

40-45% of wood’s dry weight and is composed of linear chains of D-glucose linked by ß-1,4-

glycosidic bonds with a degree of polymerization of up to ~15000 unit (Pettersen, 1984). 
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Emission factors of levoglucosan (LG) versus MCE are listed in (Table ‎4.5). This subset of 

data encompasses 43 burns. Measured emission factors for levoglucosan vary substantially 

with fuel type. For the 15 fuel types of this study, EFLG varied over two orders of 

magnitude (Table ‎4.5). On average, fuels from 'Camp Lejeune' emitted the highest amount 

of levoglucosan per kg fuel burned, while the lowest per mass LG emissions were from the 

Chaparral fuels. The reported values from the current study are within the range reported by 

Schauer et al. (2001) for residential wood burning, average EFs of 1375, 706, and 1940 

mg/kg fuel for pine, oak, and eucalyptus, respectively. The LG/OC ratios for the three fuel 

groups were 4.24±0.90, 4.30±1.41, and 5.73±0.83 mg/g for Chaparral, FHUA, and CL, 

respectively. Sullivan et al. (2008) during the FLAME studies measured an average LG/OC 

value of 520 mg/g for their 73 burns. Engling et al. (2006) reported values from 36 to 1368 

μg/mg OC. The current study values are 2-3 times lower than reported LG/OC ratios for 

'man' and 'chs' (Sullivan et al. (2008)) of 8.8-11.4 and 6.3-10.6 mg/g, respectively. In general, 

fuels from SE emitted more LG per unit weight of fuel compared to the SW fuels. MCE 

alone is unable to account for the differences observed between these studies. Lab 

experiments suggest that presence of salts, specially salts containing K, Li, Ca significantly 

reduces LG pyrolysis yields (Richards & Zheng, 1991, Eom et al., 2012). Thus, higher K/PM 

ratios in this study suggest lower EFLG. As shown in Figure ‎4.11, a sharp decrease in LG 

production is observed at K/PM ratio of ~0.03. Moreover, Ward & Hardy, 1991 found that 

potassium emissions were high during high temperature flaming phase. Hence, potassium 

could not be identified a predictive factor for determining EFLG that varied two orders of 

magnitude.  
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The PM mass fractions of levoglucosan in this study were 1.56±0.50 (FHL), 1.76±0.44 

(FHUA), 5.73±0.83 (CL), and varied largely between burns from 0.3 for 'cos' (lowest) to 

9.5% for 'cuh' (highest). SE fuels had the highest levoglucosan PM mass fraction ranging 

from 3% ('cuh') to 9.5% ('2yr'), while SW fuels varied between 0.3% ('cos') and 3.2% ('cea'). 

No correlation between mass fraction of levoglucosan in PM and MCE was found in 

contrast to previous findings of Dhammapala et al. (2007) for wheat and Kentucky blue 

grass (only based on three samples). 

4.7. Emission Factor of Particle-Phase PAHs 

The major emissions of particle-phase PAHs from southwestern fuels are benzo[k] 

fluoranthene, pyrene, benzo[a] fluoranthene, chrysene, benzo[a] pyrene, fluoranthene, 

phenanthrene, and fluorene, which contribute approximately 80% of total particle-phase 

PAHs for both chaparral and FHUA groups. Pyrene and benzo[k] flouranthene alone made 

up 13-20% of PAH emissions. Chaparral and FHUA had a mean emission factor of 6550 

and 1720 μg/kg . The highest observed amount of total PAHs per kg fuel burned was 11300 

μg/kg from 'cos' and the lowest was 1300 μg/kg from 'oas'. In general, Chaparral fuels 

emitted approximately 4 times higher amount of PAHs than FHUA fuels. 

The mass fraction of PAH in the PM varied from 0.03%(chs) to 0.54%(cos) and averaged 

0.20% and 0.26% mass of PM for chaparral and FHUA fuels, respectively. Despite having 

less PAH per kg fuel burned, FHUA resulted in higher fraction of PM in PAHs compared to 

the Chaparral group. 



134 

It has been suggested that the ratio of certain diagnostic ratios for PAHs are useful in 

determining combustion source (Gonkalves et al., 2011, Wang et al., 2009, Alves et al., 

2010). The ratios of Fla/(Py+Fla) and Ph/(Ph+Ant) as suggested by Wang et al. (2009) and 

Ind/(Ind+Benzo[ghi]P) by Gonkalves et al. (2011)are shown in the bottom of Table ‎4.6 for 

all the fuel types and the two fuel groups. The ratio Fla/(Py+Fla) was 0.40±0.04 for 

Chaparral group and 0.20±0.10 for FHUA group. The FHUA ratios are similar to those 

reported from combustion of cereal straw (0.50-0.53)(Hays et al., 2005), shrubs (0.54-0.60) 

(Wang et al., 2009), and agricultural residue (0.46-0.63) (Gonkalves et al., 2011). 'mes' and 

'oas' did not fall within the range of suggested ratios for the ratio of Fla/(Py+Fla). The 

Ph/(Ph+Ant) ratio averaged 0.72±0.17 (except for 'mch') and was consistent with the range 

reported by above-mentioned studies. 'mes' and 'oas' from FHUA significantly has higher 

Ph/(Ph+Ant) ratios (~0.9) close to the values seen cooking emissions/engine exhaust (He et 

al., 2004, Rogge et al., 1993, Schauer et al., 1999), which in addition to a differing fuel type, 

the disparity might be due to the high MCE values. Most of the studies used by (Wang et al., 

2009) are combustion processes involving mostly smoldering (based on small EC/TC 

ratios). Therefore, the range of suggested diagnostic ratios might not be robust due to the 

overlap of suggested ranges between different emission sources (Goncalves et al., 2011) and 

also not covering the wider range of possible MCE values (e.g. higher MCEs were observed 

in the current study). Ind/(Ind+Benzo[ghi]P) was 0.40±0.04 for both fuel groups. Our data 

is close to lower end of evaluated values from the study of (Hays et al., 2005) for cereal 

straw. Chinese cooking (He et al., 2004) and automobile and trucks (Rogge et al., 1993) have 

ratios of 0.19 and 0.04-0.09, respectively. 
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4.8. Conclusions 

We report detailed particle-phase emission measurements from combustion of different 

vegetation types typically managed with fire on military bases in the southwest US. Since 

these fuels burn periodically (prescribed or wildfire), the results of this study will help to 

better understand and manage air quality impacts in neighboring areas. Emission factors for 

numerous species are provided as a function of MCE. At a certain FM, all observed MCEs 

were limited between two heading and backing fire MCEs. Due to lack of sufficient data, it 

was impossible to model the fire behavior; more effort is needed for characterizing the 

MCE. 

On average, the SE fuels emitted more PM mass (10.8 g/kg fuel burned) compared to SW 

fuels (3.83 g/kg fuel burned) consistent with lower MCE for SE fuels. No regional trend was 

observed after accounting for MCE. Some of the observed differences between field and lab 

results for similar MCE may be attributable to the smoke temperature, fuel bed differences 

as discussed in more detail elsewhere (Yokelson et al., in preparation) and also timescale of 

the MCE measurement (field is on order of hours, laboratory on order of a few minutes). 

Due to the non-linear emissions behavior with MCE, comparison of fire-integrated values 

from lab and field studies might result in unexpected and unexplainable differences. 

The SE and SW fuels showed large regional dependency in their emission factors for particle 

inorganics. The PM mass fraction of chlorine and potassium in the SW fuels was on the high 

end of values reported in the literature. Any correlation between these emission rates with 

MCE was masked by large variations due to fuel composition. Chlorine alone accounted for 
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0.4-24.5% of the water-soluble mass fraction. Sulfate correlated weakly with MCE. 

Comparison of XRF and IC results indicates the vast majority (~88%) of sulfur and 

potassium are present as SO42- and K+, respectively. Inorganic species contributed 9-62% 

and 2-15% of PM mass for SW and SE fuels, respectively. No correlation was observed 

between MCE and calcium, ammonium, bromide, and nitrate. 

Levoglucosan/OC ratios were observed to be a function of the fuel type with little to no 

correlation with MCE. Finally, the emission factor of 15 PAHs totaled 1 - 11 mg/kg burned 

for SW. 80% of measured particle phase PAHs was attributed to benzo[k] fluoranthene, 

pyrene, benzo[a] fluoranthene, chrysene, benzo[a] pyrene, fluoranthene, phenanthrene, 

fluorene. Pyrene and benzo[k] flouranthene constituted 13-20% of particle-phase PAHs 

emissions. Previously published PAH diagnostic ratios were not observed to be good 

markers for our biomass burning samples.  
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Table ‎4.5 presents levoglucosan (LG) emission factors (mg/kg fuel burned), and also 
fraction of LG in the PM, Organic Carbon (OC) and Organic Mass (OM) (wt%) 

Fuel type EFLG LG/PM LG/OM LG/OC EC/TC 

Southwest 

     cea 187.4±172.2 3.19±2.42 6.24±3.14 4.1±2.1 36±23 

chs 234.0±117.7 3.03±1.24 6.44±3.05 4.2±2.0 38±8 

cas 25.2±9.3 0.37±0.17 1.46±0.13 1.0±0.1 58±7 

cos 19.7±6.4 0.31±0.08 1.53±0.47 1.0±0.3 63±9 

man 30.2±10.3 0.79±0.21 3.71±1.13 2.4±0.7 47±9 

mch 79.2±42.7 1.64±1.18 6.05±2.86 4.0±1.9 44±18 

Chaparral ave. 95.9±35.6 1.56±0.50 4.24±0.90 2.8±0.6 48±6 

mes 28.9±10.9 0.75±0.08 2.07±0.37 1.4±0.2 44±1 

oas 29.1±13.6 1.80±0.67 4.31±0.91 2.8±0.6 52±8 

oaw 58.6±35.1 2.74±1.12 6.53±4.12 4.3±2.7 42±15 

FHUA ave. 38.9±13.1 1.76±0.44 4.30±1.41 2.8±0.9 46±6 

Southeast 

     lit 1089.8±507.2 5.76±1.65 5.76±1.65 3.8±1.1 10±6 

1yr 888.0±521.7 6.92±0.33 6.92±0.33 4.5±0.2 8±4 

2yr 1272.5±545.9 9.52±1.04 9.52±1.04 6.2±0.7 6±4 

poc 208.3±142.2 4.03±1.11 4.03±1.11 2.6±0.7 17±8 

cuh 50.2±6.8 3.02 3.02 2.0±0.0 37 

uh 337.0±135.7 5.14±3.46 5.14±3.46 3.4±2.3 32±9 

Camp Lejeune ave. 641.0±155.1 5.73±0.83 5.73±0.83 3.7±0.5 18±3 



 

T
ab

le
 ‎4

.6
. 
P

A
H

 p
re

se
n

ts
 e

m
is

si
o

n
 f

ac
to

rs
 i
n

 μ
g 

p
er

 k
g 

fu
el

 b
u
rn

ed
 a

n
d
 d

ia
gn

o
st

ic
 r

at
io

s 
fo

r 
p

ar
ti

cl
e 

p
h

as
e 

P
A

H
s 

 

F
u

e
l 
ty

p
e

 
c
e
a

 
c
h
s
 

c
a
s
 

c
o
s
 

m
a
n

 
m

c
h

 
C

h
a
p

a
rr

a
l 

A
v

e
. 

m
e
s
 

o
a
s
 

o
a
w

 
F

H
U

A
 

A
v

e
. 

A
c
y 

{2
}a

,b
 

2
9

7
.2

 ±
 

3
3

8
.6

 
1
4

4
.3

 ±
 

1
3

7
.5

 

7
7
.8

 ±
 4

2
.1

 
2
7

0
.8

 ±
 

1
4

9
.9

 
1
9
.2

 ±
 

1
2
.6

 

2
7
.9

 
1
3

9
.5

 ±
 6

6
.2

 
3
5
.5

 ±
 

2
6
.6

 
3
6
.1

 ±
 

4
9
.0

 
8
2
.2

 ±
 

8
4
.3

 
5
1
.2

 ±
 

3
3
.7

 

A
c
e
 {

2
} 

1
4

4
.0

 ±
 

9
7
.7

 
1
2

6
.8

 ±
 

1
4

6
.3

 
2
6
.6

 ±
 2

6
.9

 
7
.4

 ±
 4

.2
 

1
1
.0

 ±
 

1
3
.9

 
3
.7

 
5
3
.2

 ±
 2

9
.8

 
2
5
.2

±
1
7
.7

 
2
9
.6

±
3
9
.4

 
3
7
.9

±
4
5
.2

 
3
0
.9

±
2
0
.8

 

F
le

 {
2
} 

3
2

9
.7

±
3

5
0

.
1

 
3
9

1
.4

±
4

7
6

.
0

 
8
4
.2

±
8
1
.9

 
2
0
.8

±
5
.2

 
4
3
.9

±
5
3

.0
 

9
7
.4

 
1
6

1
.2

±
9

9
.8

 
6
8
.4

±
7
7
.8

 
1
4

5
.5

±
1

3
4

.5
 

1
2

8
.6

±
1

5
6

.8
 

1
1

4
.2

±
7

3
.

6
 

P
h
 {

3
} 

1
4

3
4
.5

±
1
2

7
0
.8

 
1
0

5
5
.1

±
1
0

4
5
.7

 
3
0

1
.1

±
2

0
1

.
6

 

2
3

4
.4

±
5

3
.5

 
2
4

4
.6

±
1

7
1
.8

 

1
3

3
.6

 
5
6

7
.2

±
2

7
8

.0
 

1
1

6
.3

±
8

9
.

9
 

2
1

4
.6

±
1

6
0

.9
 

1
1

3
.5

±
1

9
3

.1
 

1
4

8
.2

±
8

9
.

0
 

A
n
 {

3
} 

1
9

7
.5

±
2

8
3

.
1

 
7
8
.0

±
7
4
.5

 
1
4

8
.1

±
1

6
6

.
6

 
9
4
.5

±
5
9
.3

 
1
5

6
.7

±
2

3
0
.4

 
1
3

6
.7

 
1
3

5
.2

±
6

8
.7

 
1
1
.1

±
9
.0

 
8
.7

±
5
.1

 
7
9
.3

±
1
2

8
.

9
 

3
3
.0

±
4
3
.1

 

F
la

 {
3
} 

4
9

2
.2

 ±
 

1
7

1
.7

 
5
5

8
.3

 ±
 

5
4

9
.5

 
1
0

4
1
.9

 ±
 

3
4

3
.5

 
1
1

5
6
.1

 ±
 

1
7
.1

 
1
7

6
.7

 ±
 

1
2

4
.8

 
2
5

7
.8

 
6
1

3
.8

 ±
 

1
1

3
.7

 
1
0

3
.6

 ±
 

9
6
.6

 
8
8
.5

 ±
 

3
6
.2

 
1
8

1
.8

 ±
 

3
0

9
.3

 
1
2

4
.6

 ±
 

1
0

8
.7

 

P
y 

{4
} 

6
6

4
.2

 ±
 

4
2

6
.6

 
7
3

8
.0

 ±
 

9
7

6
.6

 
1
4

8
0
.4

 ±
 

1
7

0
.2

 
1
4

3
3
.2

 ±
 

1
2

1
.3

 
3
4

5
.8

 ±
 

1
6

2
.3

 

4
4

7
 

8
5

1
.4

 ±
 

1
8

3
.0

 
4
1

8
.1

 ±
 

4
2

0
.1

 
2
5

6
.3

 ±
 

1
4

9
.7

 
2
7

3
.3

 ±
 

2
4

3
.0

 
3
1

5
.9

 ±
 

1
6

9
.3

 

B
[a

]A
 {

4
} 

7
7

8
.9

 ±
 

4
3

0
.0

 
3
3

8
.2

 ±
 

3
0

2
.4

 
1
5

2
4
.2

 ±
 

7
0

7
.5

 
1
5

5
0
.7

 ±
 

7
4
.4

 
2
2

3
.8

 ±
 

1
1

9
.8

 
4
3

2
.5

 
8
0

8
.1

 ±
 

1
4

8
.8

 
2
8

0
.1

 ±
 

2
8

3
.4

 
1
3

4
.0

 ±
 

7
1
.6

 
1
7

2
.7

 ±
 

1
6

1
.5

 
1
9

5
.6

 ±
 

1
1

1
.3

 

C
h
r 

{4
} 

2
6

9
.6

 ±
 

2
7

3
.5

 
2
2

5
.9

 ±
 

2
0

2
.9

 
1
4

7
8
.4

 ±
 

6
8

6
.8

 
1
4

2
5
.2

 ±
 

2
2

5
.6

 
2
3

8
.4

 ±
 

1
6

7
.8

 
4
3

2
.5

 
6
7

8
.3

 ±
 

1
3

6
.1

 
2
5

8
.1

 ±
 

2
1

3
.4

 
1
3

3
.8

 ±
 

7
0
.2

 
1
7

1
.6

 ±
 

1
5

9
.7

 
1
8

7
.8

 ±
 

9
1
.9

 

B
[b

]F
 {

4
} 

2
1

6
.3

 ±
 

2
1

3
.1

 
1
6

4
.5

 ±
 

1
8

2
.2

 
5
9

1
.8

 ±
 

3
4

1
.9

 
8
2

3
.7

 ±
 

2
1

3
.2

 
1
4

5
.4

 ±
 

1
0

8
.1

 

1
5

1
.9

 
3
4

8
.9

 ±
 8

3
.8

 
1
0

7
.8

 ±
 

9
8
.6

 
3
7
.0

 ±
 

1
3
.8

 
1
0

5
.1

 ±
 

1
1

6
.0

 
8
3
.3

 ±
 

5
1
.0

 

B
[k

]F
 {

4
} 

1
1

6
4
.6

 ±
 

8
0

9
.6

 
2
5

6
.8

 ±
 

2
4

1
.8

 
3
2

3
2
.0

 ±
 

3
1

4
4
.1

 
2
1

5
6
.5

 ±
 

1
3

5
.6

 
5
3

7
.6

 ±
 

5
6

3
.0

 
6
1

2
.4

 
1
3

2
6
.7

 ±
 

5
5

1
.1

 
2
2

8
.4

 ±
 

1
8

2
.6

 
1
4

5
.9

 ±
 

4
3
.1

 
2
6

6
.6

 ±
 

4
6

1
.8

 
2
1

3
.6

 ±
 

1
6

6
.2

 

B
[a

]P
 {

5
} 

1
3

0
.2

 ±
 

8
0
.4

 
5
9
.9

 ±
 5

2
.9

 
7
1

3
.2

 ±
 

9
3

7
.3

 
4
3

3
.0

 ±
 3

7
.8

 
2
8
.2

 ±
 

1
0
.0

 
7
5
.2

 
2
4

0
.0

 ±
 

1
5

7
.2

 
2
9
.6

 ±
 

2
5
.8

 
2
2
.7

 ±
 1

.9
 

4
0

5
.7

 ±
 

6
8

2
.1

 
1
5

2
.7

 ±
 

2
2

7
.5

 

In
d

 {
5
} 

1
0

4
.4

 ±
 

1
6

3
.9

 
1
1

8
.3

 ±
 

1
2

3
.7

 
3
4

2
.5

 ±
 

1
1

0
.2

 
5
8

2
.1

 ±
 

1
6

7
.1

 
4
2
.4

 ±
 

2
8
.2

 

1
0

2
.3

 
2
1

5
.3

 ±
 4

8
.0

 
3
7
.3

 ±
 

2
7
.5

 

2
3
.2

 ±
 5

.3
 

8
.2

 ±
 1

2
.0

 
2
2
.9

 ±
 

1
0
.2

 

159 



 

F
u

e
l 
ty

p
e

 
c
e
a

 
c
h
s
 

c
a
s
 

c
o
s
 

m
a
n

 
m

c
h

 
C

h
a
p

a
rr

a
l 

A
v

e
. 

m
e
s
 

o
a
s
 

o
a
w

 
F

H
U

A
 

A
v

e
. 

D
[a

h
]A

 {
5
} 

5
9
.0

 ±
 6

8
.8

 
1
2
.1

 ±
 1

0
.5

 
1
1

3
.7

 ±
 

5
9
.4

 

1
4

9
.9

 ±
 4

4
.8

 
1
3
.4

 ±
 

7
.5

 

2
6
.5

 
6
2
.5

 ±
 1

7
.0

 
1
3
.5

 ±
 9

.1
 

1
0
.7

 ±
 3

.5
 

8
.7

 ±
 7

.8
 

1
1
.0

 ±
 4

.1
 

B
[g

h
i]
P

 {
4

} 
1
9

9
.6

 ±
 

2
7

6
.0

 
1
3

6
.8

 ±
 

1
1

9
.1

 
5
3

4
.2

 ±
 

1
7

2
.2

 
9
9

3
.2

 ±
 

2
6

8
.1

 
4
7
.5

 ±
 

3
1
.7

 
1
6

4
.6

 
3
4

6
.0

 ±
 7

3
.2

 
5
3
.9

 ±
 

3
9
.3

 
3
4
.1

 ±
 

1
0
.7

 
1
2
.5

 ±
 

2
0
.6

 
3
3
.5

 ±
 

1
5
.2

 

S
u

m
 

6
4

8
1
.9

 
4
4

0
4
.4

 
1
1

6
9

0
.1

 
1
1

3
3

1
.5

 
2
2

7
4
.6

 
3
1

0
2

 
6
5

4
7
.3

 
1
7

8
6
.9

 
1
3

2
0
.7

 
2
0

4
7
.7

 
1
7

1
8
.4

 

  
 

 
 

 
 

 
  

 
 

 
  

D
ia

g
n

o
s

ti
c

 
ra

ti
o

s
 

 
 

 
 

 
 

  
 

 
 

  

 F
la

/(
P

y
+

F
la

) 
0
.4

3
 

0
.4

3
 

0
.4

1
 

0
.4

5
 

0
.3

4
 

0
.3

7
 

0
.4

0
 

0
.2

 
0
.2

6
 

0
.4

0
 

0
.2

8
 

 P
h
/(

P
h

+
A

n
t)

 
0
.8

8
 

0
.9

3
 

0
.6

7
 

0
.7

1
 

0
.6

1
 

0
.4

9
 

0
.7

2
 

0
.9

1
 

0
.9

6
 

0
.5

9
 

0
.8

2
 

 I
n

d
/(

In
d

+
B

e
n

z
o
[g

h
i]
P

) 
0
.3

4
 

0
.4

6
 

0
.3

9
 

0
.3

7
 

0
.4

7
 

0
.3

8
 

0
.4

0
 

0
.4

1
 

0
.4

0
 

0
.4

0
 

0
.4

0
 

a
 A

b
b
re

v
ia

ti
o
n
s
: 

A
c
y
(a

c
e
n
a
p

h
th

y
le

n
e
),

 A
c
e
(a

c
e
n
a

p
h
th

e
n

e
),

 F
le

(f
lu

o
re

n
e

),
 P

h
 (

p
h
e

n
a
n
th

re
n
e

),
 A

n
 (

a
n
th

ra
c
e
n
e
),

 F
la

 (
fl
u
o
ra

n
th

e
n
e
),

 P
y
 

(p
y
re

n
e
),

 B
[a

]A
 (

b
e
n
z
[a

]a
n
th

ra
c
e

n
e
),

 C
h
r 

(c
h

y
rs

e
n
e
),

 B
[b

]F
 (

b
e

n
z
o
[b

]f
lu

o
ra

n
th

e
n
e

),
 B

[k
]F

 (
b
e

n
z
o

[k
]f
lu

o
ra

n
th

e
n
e
),

 B
[a

]P
 (

b
e
n
z
o

[a
]p

y
re

n
e
),

 
B

[g
h
i]
P

 (
b
e

n
z
o

[g
h
i]
p
e
ry

le
n
e

),
 I
n
d

 (
in

d
e
n
o

[1
,2

,3
-c

d
]p

y
re

n
e
),

 D
[a

h
]A

 (
d
ib

e
n

z
[a

h
]a

n
th

ra
c
e
n

e
) 

b
 N

o
. 
o
f 

fu
s
e
d
 a

ro
m

a
ti
c
 r

in
g
s

160 



161 

 

Figure ‎4.1. Schematic drawing of combustion laboratory, USDA’s forest service fire sciences 
laboratory, Missoula, MT. Detailed characteristics of the facility are explained in Christian et 
al. (2004). 
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Figure ‎4.2. Schematic graph of the sampling system used to measure the emissions; a PM2.5 
impactor was applied before the filter sampler system, and a PM10 impactor was used for 
other instruments. 
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Figure ‎4.3. Fire integrated MCE versus fuel moisture content from this study (solid light 
(SE) and dark (SW) gray circles); from Weise et al., 1991 for California chaparral (diamonds); 
from McMeeking et al., 2009 for a wide variety of US domestic fuel types including 
Chaparral (cea, chs, and man) (circles); from Keene et al. 2006, for in-lab open burning of 
African savanna grassland: backing (downward triangle), mixed(square), and heading 
(upward triangle) fires. The dashed lines show the upper and lower limits of heading and 
backing fires. 
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Figure ‎4.4. Particulate Matter (PM2.5) as a function of Modified Combustion Efficiency 
(MCE). Black solid circles are EF for PM2.5 measured for this study. Solid and dashed lines 
represent the linear regression of PM2.5 onto MCE for this and other studies, respectively 
indicated on the plot for laboratory, ground-based and airborne field measurements. 
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Figure ‎4.5. Size-resolved mass emission factors obtained through the MOUDI/filter setup 
(a)-(f); in sub-figure (g) the mass emission factors of PM3.5 from the six sampled MOUDIs 
are graphed versus their corresponding mass emission factors acquired from the filter 
measurements 
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Figure ‎4.6. This graph illustrates the difference between measured particle number emission 
factors of butanol-based CPC and DMM; the slope is 0.82 and as shown DMM gives ~20% 
higher EFPN  

 

Figure ‎4.7. Particle number emission factors measured by CPC and DMM as function of fuel 
type 
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Figure ‎4.8. Particle number emission factors −EFPN (#/kg fuel burned) vs. Modified 
Combustion Efficiency (MCE) for all southwestern and southeastern fuel types acquired by 
two different working principal instruments, butanol-based CPC (solid dark gray circles) and 
particle-charge based DMM (solid light gray circles) are shown here. The best linear fit also 
is depicted using the dashed lines. 

 

Figure ‎4.9. Fire-integrate PM2.5 emission factors plotted versus MCE for (a) elemental 
carbon(EC) (b) organic carbon(OC) (c) total carbon(TC) 
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Figure ‎4.10. Particle elemental carbon to total carbon ratio (EC/TC) plotted versus modified 
combustion efficiency (MCE). Solid circles represent EC/TC measured in this study. Also 
shown are: open diamond, McMeeking et al. 2009, and open box, Christian et al. 2003 

 

Figure ‎4.11. Levoglucosan emission factor (g/kg fuel burned) plotted versus potassium to 
PM mass ratio (g/g) for the SW and SE fuels 
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Figure ‎4.12. Mass fraction of semi-volatile organic compounds (SVOCs) in total collected 
Organic Carbon (OC); Open circles are data from this study (best exponential fit: 
0.146+0.355e−0.004x), and open diamonds from McMeeking et al., 2009 (best exponential 

fit:                    ).  

 

 

Figure ‎4.13. Percentage composition of PM mass comprised by the elements K, Cl, Na, S, 
Zn, Mg, Si, Ca for 41 burns, segregated by fuel type and site origin 
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Figure ‎4.14. Reconstructed PM2.5 mass emission factor (g/kg fuel burned) versus 
gravimetric PM2.5 mass emission factor. Solid line represents the regression line with slope 
of 1 and correlation coefficient of 0.94. 
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Chapter Five:  Chemical characterization of gas phase 

emissions from US vegetation 

5.1. Abstract 

Emissions factors of gas-phase polyaromatic hydrocarbons, carbonyls, and select volatile 

organic compounds from open combustion of southwestern (SW) and southeastern (SE) 

U.S. vegetation types commonly managed by prescribed burns during 77 controlled 

laboratory burns are presented. The fuels were burned under controlled laboratory 

conditions at the US Forest Service Fire Sciences Laboratory in Missoula, MT. Effect of 

vegetation type, regional dependency, and combustion efficiency on emissions are 

investigated. In general, emission factors anticorrelated with fire combustion efficiency. We 

suggest that emission factors are better segregated using Elemental Carbon to Total Carbon 

ratio (EC/TC) compared to the Modified Combustion Efficiency (MCE). MCE fails to 

conserve linearity of emission factors for MCE>0.94. Emission factors of most compounds 

showed exponential decay with EC/TC ratio, e.g. formaldehyde, acetaldehyde, acetone, 

benzene, ethylbenzene, toluene, and xylenes. The Pearson coefficient for emission factors of 

these compounds vs. MCE increased when plotted against EC/TC ratio. PAHs in the gas 

exponentially decreased with EC/TC ratio up to 0.3 and then again seemed to grow. MCE 

appears to compress a large portion of system response to flaming combustion regime, i.e. 

0.2<EC/TC ratio<0.6, into small position of MCE, i.e. 0.94<MCE<1.0, and thus leading to 

false impression of linearity for all combustion regimes. 
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5.2. Introduction 

Biomass burning is recognized as the second largest source of trace gases in the atmosphere 

(Crutzen and Andreae, 1990, Yokelson et al., 1996, Akagi et al., 2011). A significant fraction 

of biomass burning emissions in the U.S. belongs to emission from prescribed burns. 

Prescribed burning is a land management tool used to maintain/restore ecosystem health 

and resiliency and mitigate wildfire risk by reducing hazardous fuels (Wade et al., 1989, 

Biswell, 1999). However, prescribed burning can significantly affect the regional air quality 

and through long-range transport can influence areas distant from fire (Warneke et al., 2009, 

Warneke et al., 2010). Between 2002 and 2011 the annual average area treated with 

prescribed burning was 599 kHa in the southeastern U.S. (SE: Alabama, Arkansas, Florida, 

Georgia, Louisiana, Mississippi, North Carolina, South Carolina, Tennessee, and Virginia) 

and 134 kHa in the southwestern U.S. (SW: Arizona, California, Colorado, New Mexico, 

Nevada, and Utah) (NIFC, 2012). During the same period, wildfires burned an average of 

854 kHa yr-1 in the SW and 215 kHa yr-1 in the SE (NIFC, 2012).  

Similar to combustion of any hydrocarbon fuel, emissions from combustion of biomass is 

dominated by emissions of carbon dioxide (CO2), carbon monoxide (CO), and water (H2O). 

Previous studies indicate that Oxygenated Volatile Organic Carbons (OVOCs) account for 

the majority of non-methane hydrocarbons (NMHC) (Christian et al., 2003; Christian et al., 

2004). Emission Factors (EF) of NMOC compounds are found to be dependent on phase of 

combustion (flaming vs. smoldering) - modified combustion efficiency (MCE), fuel 

moisture, chemical composition of the fuel, etc. (Andreae and Merlet, 2001). However, the 

reported EFs suffer from large variability from one study to another. 



173 

Online instruments such as Proton-transfer-Reaction mass spectrometry (PTR-MS) and 

Open Path Fourier Transform Infrared (OP-FTIR) spectrometer have been extensively used 

in laboratory and field experiments for speciation of NMOCs (Yokelson et al., 1996, 

Yokelson et al., 1997, Yokelson et al., 1999, Christian et al., 2003, Yokelson et al., 2007, 

Burling et al., 2010). These online methods have advantages over the offline methods 

including high sensitivity, no storage or sampling artifacts, high temporal resolution 

(Warneke et al., 2011). Because of the difficulties in using offline analysis methods (e.g. gas 

chromatography methods) such methods have not been often used in laboratory and field 

experiments (Jenkins et al., 1996b,Jenkins et al., 1996a: U.S. agricultural and forest biomass 

fuels, Oros and Simoneit, 2001: temperate and polar region trees, Hays et al., 2005: US foliar 

fuels). However, the offline methods were not a limiting factor in the current study, because 

of sampling during the whole fire and high mixing ratios observed in the laboratory (Burling 

et al., 2010).  

Extensive measurements of gas-phase emissions were conducted at the U.S. Department of 

Agriculture (USDA) Forest Service Fire Sciences Laboratory in Missoula, MT through 

offline analysis methods for better characterization of emissions from fuels representative of 

vegetation types managed by prescribed burning on several U.S. Department of Defense 

bases located in southwestern and southeastern U.S. This laboratory study let us use a 

sophisticated suite of instrumentation that is hard to deploy in the field. The emission 

factors of aldehydes and ketones, polyaromatic hydrocarbons and select volatile organic 

compounds from 77 fires that burned 18 fuel types are reported. We also investigated how 

Modified Combustion Efficiency (MCE) can alter the EFs. Moreover, we explored the 
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Elemental Carbon to Total Carbon ratio (EC/TC ratio)-obtained from the particle phase- as 

a better predictor of emission factors in comparison with MCE. This publication only 

represents a subset of results; other results from lab and field components from this study 

are published elsewhere (Burling et al., 2010, Burling et al., 2011, Hosseini et al., 2010,Veres 

et al., 2009, Roberts et al., 2010, Veres et al., 2010, Akagi et al., 2012, Yokelson et al., 2012, 

Hosseini et al., 2012b). 

5.3. Methods 

5.3.1. Missoula Fire Lab 

The combustion facility at the U.S Department of Agriculture (USDA) Forest Service, 

Forest Sciences Laboratory (FSL) at Missoula, MT is described in more detailed by Christian 

et al., 2004. Briefly, the facility is a large burn chamber that measures 12.5m×12.5m×22m 

high (show in Figure ‎5.1). The fuel bed is located under a large 3.6m inverted funnel 

connected to a 1.6 m diameter exhaust stack that extends through the ceiling. The room is 

pressurized with temperature and humidity controlled air in order to capture all the 

emissions from the fire. The exhaust is vented through the ceiling. A sampling platform 

surrounds the stack at the height of 17m where instruments are located and temperature and 

pressure are measured. Previous studies showed that the smoke sample at the height of the 

sampling platform and across the stack is well mixed (Christian et al., 2003b;Christian et al., 

2004). 
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5.3.2. Fuel Description 

The laboratory fire experiments were conducted for 18 major vegetation types with 3-6 

replicates for each vegetation type. The fuels are commonly managed by prescribed 

burning/military bases and were collected from Southwestern (SW) and Southeastern (SE) 

U.S. Detailed description for each vegetation type burned in this study can be found in 

Burling et al., 2010. Here, we briefly list the fuels and the fuel codes used in the current study 

(Table ‎5.1). Vegetation types were collected in January 2009 from Vandenberg Air Force 

Base, California (regional code shown as ‘VAFB’ in the tables and figures), Fort Hunter-

Ligget, CA (‘FHL’), Fort Huachuca, AZ (‘FHUA’), and Fort Benning, GA (‘FB’). The SW 

fuels included manzanita (fuel code shown as ‘man’ in the tables and figures), California sage 

(‘cas’), coastal sage (‘cos’), maritime chaparral (‘mch’), Chamise scrub oak (‘chs’), chaparral 

grass (‘chg’). SE vegetation types included oak savanna(‘oas’), oak woodland(‘oaw’), 

mesquite(‘mes’), one-year-rough and two year rough (‘1yr’ and ‘2yr’) referring to understory 

vegetation collected a year after burning, pocosin (‘poc’), understory hardwood(‘uh’), 

chipped understory hardwood(‘cuh’), chipped understory litter from various southern pine 

stands (‘lit’). 

5.3.3. Measurement System and Analytical Methods 

The Open-Path Fourier Transform Infrared (OP-FTIR) instrument was placed on the 

sampling platform approximately 17 m above the height of fuel bed so that the open white 

cell spanned the diameter of the stack directly in the rising smoke stream for continuous 1.5 

sec measurement. In the current work, we used the CO and CO2 from OP-FTIR results to 

calculate phase of combustion (MCE) (more details on OP-FTIR can be found in Burling et 
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al., 2010). The analysis and sampling of Elemental Carbon(EC)/Organic Carbon(OC) is 

explained in the companion paper of the current study (Hosseini et al., 2012b). Carbonyls 

were collected at 0.7 lpm onto 2,4-dinitrophenylhydrazine (DNPH) coated silica cartridges 

(Water Corp., Milford, MA) . Volatile organic compounds (VOC) were collected at 0.8 lpm 

onto pre-baked 6 mm OD Gerstel Carbotrap™ 300 Multi Bed glass thermal desorption 

(TDS) tubes (GERSTEL). Both the DNPH cartridge and TDS tube were located 

downstream of a Teflon® filter. PAHs were collected sequentially; first on a quartz filter and 

then into a column packed with polyurethane foam (PUF) and XAD-4 resin. The quartz 

filters were preconditioned at 600°C for 5 hours in an oven. The flow rates through Teflon 

and quartz filters were measured to be 22 and 25 lpm, respectively. All the samples were 

taken at the top of the sampling platform where OP-FTIR and the rest of the 

instrumentation were located. Samples collected at the FSL facility were kept cold and away 

from light and returned to UCR laboratory for subsequent analysis of carbonyls, VOCs, and 

PAHs following the below protocols: 

Analysis of Carbonyls: DNPH cartridges were analyzed for carbonyls following a modified 

SAE 930142 HP protocol (Siegel et al., 1993). The cartridges were extracted using 5mL of 

acetonitrile and injected into Agilent 1200 series high performance liquid chromatograph 

(HPLC) equipped with a 5 mm Deltabond AK Resolution (200 cm"4.6mm ID) with 

upstream guard column and a Diode array detector. The HPLC analysis followed the SAE 

930142HP protocol (Siegl et al., 1993). 

Analysis of BTEX: CarboTrap™ 300 Multi Bed tubes were injected into an Agilent® 6980 

GC-FID system via a Gerstel® Thermal Desorption System (TDS) that was setup according 
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to the specifications of SAE 930142HP Method 2 for C4-C12 hydrocarbons (Siegl et al 

1993). The unit ramps from -40 to 250 °C at a rate of 6 °C/min to desorb the sample from 

the tubes.  

Analysis of PAHs and C10-C30 hydrocarbons: PUF/XAD resins were analyzed 

according to a modified EPA TO-13A protocol (ASE). PUF-XAD cartridges were spiked 

with deuterated standards and extracted with methylene chloride using a Dionex® 

Automated Solvent Extractor (ASE-200) (60 min, 250 °C). The extract is then concentrated 

to approximately 5ml using a Roto-Evaporator. The eluent was further concentrated by 

evaporation using ultra high purity nitrogen or helium, and then analyzed by an Agilent® 

5973 GC-MS.  

5.4. Results and discussion 

77 fires were sampled during an 18-day period at the FSL facility in Missoula, MT. 

Immediately after ignition the CO2 concentration sharply increased which is attributable to 

the flaming phase. Shortly, the CO concentration started increasing. At this stage, there was 

no clear distinction between the flaming and smoldering. However, the relative amount of 

flaming to smoldering combustion was calculated using the concept of Modified 

Combustion Efficiency (MCE), which is defined as the fire-integrated excess concentration 

of CO2, divided by the excess concentration of CO2 plus CO measured by the OP-FTIR 

(Ward and Radke, 1993). We assumed that the background concentrations of CO and CO2 

for the burns were constant and equal to their 1-min averaged concentration prior to 

ignition. The arrangement of the fuels on the fuel bed - whether it is horizontally or 
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vertically- considerably affected the fuel consumption (for more detail see Hosseini et al., 

2012b) 

5.4.1. Polycyclic Aromatic Hydrocarbons (PAHs)  

PUF/XAD cartridges from 41 burns were analyzed for 16 PAH species including 

naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorene (Fle), phenanthrene 

(Ph), anthracene (Ant), fluoranthene (Fla), pyrene (Py), benzo[a]anthracene(B[a]A), 

chrysene(Chr), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), benzo[a]pyrene 

(B[a]P), indeno[1,2,3-c,d]pyrene (Ind), dibenzo[a,h]anthracene (D[a,h]A), 

benzo[g,h,i]perylene (B[ghi]P). Emission factors of these PAHs for all the SW/SE fuels are 

provided in Table ‎5.2 in mg/kg dry fuel burned. The variability of measurements is shown 

with one standard deviation (σ).  

Only a few articles have investigated the emissions of PAHs from wood burning (cited 

below) and all suffer from large variability (unlike PM mass/EC/OC). This is mostly because 

researcher have been trying to characterize the PAH EFs based on fuel type/combustion 

methods. As shown in Table ‎5.2, the EFs in the current study varied largely between fuel 

types/regions. The Coefficient of Variation (CV) of PAHs except for a few cases varied 

between 10-270% with the lowest CV of 35% belonging to Nap among all fuel types. 

Generally, heavier PAHs with a higher number of aromatic rings led to higher CV, e.g. 90% 

for Fle or 110% in case of B[a]A, which might be due to lower vapor pressure of heavier 

Molecular Weight (MW) PAHs and therefore more gas-to-particle phase partitioning and/or 

differing yields of PAHs at various burning conditions.  
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Table ‎5.2 represents the average ± standard deviation (μ±σ) for all regions and fuel types. 

The study average EF of total PAH was 75.09±62.74 mg kg-1. Among all fuel types of 

SW/SE, duf/AK, lit/GA, fir/MT emitted the highest PAH EFs of 344, 136, and 191 mg/kg 

fuel burned, respectively and poc/CL emitted the lowest ( 18.4 mg kg-1 fuel burned) 

consistent with previous studies (McDonald et al., 2000, Jenkins et al., 1996, Schauer et al., 

2001, Hedberg et al., 2002).  

On average, dominant PAH species by mass fraction in the order of decreasing average 

ranking were Nap, Acy, Ant, Ph, Py, Fla, Fle. These species comprised nearly 99% of total 

gas phase PAHs. In general, the lower the MW of the PAH, the higher the yield was. 

Hedberg et al., 2002 combusted birch wood in wood stove and reported that Fle, Ph, Ant, 

Fla, Py contributed to 70% of the total PAHs (Nap was not analyzed). The same species 

comprised 61-63% of the total PAH (excluding Nap) in VAFB, FHUA, FHL, CL, AK 

regional group but for fuels from FB, and MT it was only 36% and 92%, respectively.  

Acy was the second highest produced PAH and showed the same trend as Nap. EF of Acy 

was 79% of the EF of Nap for all of the burns (R2=0.35). Although the plot of Ph vs. MCE 

seems linear (Figure ‎5.3), the plot of Ant vs. Ph (not shown) is more scattered compared to 

the previous plots (R2=0.36). Comparing the plots of Acy and Ph vs. EC/TC, it is clear that 

Ph is somewhat less produced for EC/TC<0.3 compared to Nap and Acy. Ant, Py, Fle, and 

Fla were all similar to Acy. Three outliers (outside of the mean 95% confidence intervals) 

were observed for Py/VAFB for which these fuels emitted unexpectedly high Acy. 
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A Tukey’s posthoc test showed that there is no statically significant difference between EF 

of PAH species among various SW/SE fuel types. Similarly, using the same test it turned out 

that regional dependency was not a significant factor as well. Moreover, comparing the gas-

phase PAH EFs with the particle-phase PAH EFs (Hosseini et al., 2012), the lower MW 

PAH were in the gas phase (MW≤200) and heavier ones (MW>200) were present in the 

particle phase, consistent with Zou et al., 2003 (see Figure ‎5.2). 

Nap was the highest contributor in the total gas-phase PAH, ~(56±13) except for duf that 

emitted 17% more Acy compared to Nap. McDonald et al., 2000 (residential wood burning) 

reported (average ± standard error) Nap EFs of 21.42 ± 5.13 [EC/TC=0.20], 54.62 ± 18.32 

[EC/TC=0.09], and 28.06 ± 19.06 [EC/TC=0.11] for softwood in fireplace, hardwood in 

fireplace and wood stove, respectively. These paired values are in good agreement with our 

results when plotted on Figure ‎5.3, i.e. on average the burns with smaller EC/TC values led 

to higher amounts of Nap. The EFs of Ant reported by Hedberg et al., 2002 varied largely 

between 0.1 and 102 averaging 19.3 mg/kg. In agreement with their results, Ant EFs turned 

out to be 3.42±1.03 (FHUA), 5.66±3.80 (FHL, CA), 6.58±3.88 (CL), 8.56±1.95 (FB), 

9.22±4.20 (VAFB), 24.46 (MT), and 47.99 (AK) mg/kg fuel burned. No field study could be 

found that has reported EFs of gas-phase PAHs. However, if measured, reaction of O3, OH 

radical, NO3 with PAHs in smoke plumes can significantly lower the concentration of PAHs 

downwind of a fire. The main daytime loss process for PAHs in the troposphere is the 

reaction with OH radicals that takes hours to days (Calvert, 2002). Since the nighttime 

reaction with NO3 is on the scale of days to months, the reaction of PAH with NO3 can be 

ignored, similarly the reaction with ozone (Atkinson et al., 1992). PM can play an important 
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factor. Alebic-Juretic et al., 1990 investigated the degradation of PAHs on a solid carrier. 

They estimated the lifetime of B[a]P, Py, and Fle in 50 ppb O3 to be 0.5-3.5 hr, 12 hr, and 6 

days, respectively. Therefore, primary/secondary PM may provide suitable sites for 

continuous conversion of PAHs to secondary OC.  

The relation between the emission factors of the highest ranked PAHs and Modified 

Combustion Efficiency (MCE) is represented in Figure ‎5.3. The total gas phase PAHs 

strongly correlated with MCE (R2=0.77). The Pearson coefficient (R2) was good with 0.50, 

0.64, and 0.59 for Nap, Acy, and Ph, respectively. However, when focusing on the flaming 

side of the plots, a sudden drop in total PAHs, Nap, Acy, Ph, and Ant can be observed at 

MCE=~0.94. The same behavior was reported by McMeeking et al., 2009 and Hosseini et 

al., 2012a for EF of OC. They showed that MCE was exponentially correlated with EC/TC 

ratio and MCE>0.94 produced a sharp increase in the EC/TC ratio. Based on the evidence, 

it seems that MCE compresses a large portion of system changes (EC/TC=0.2-0.6) into only 

a small fraction of MCE range (i.e. MCE=0.94-1.00) (Figure ‎5.4). The plot of PAHs vs. 

MCE gives the impression of linearity because the high range MCE region (MCE>0.94) 

compresses system changes and low MCE region expands the system response. The data 

points in MCE plots are denser at MCE>0.94 because more burns or data points are 

available at this range mostly due to burning dry fuel in the laboratory experiments. 

Total PAHs also showed a dual behavior with respect to MCE and EC/TC ratio 

(Figure ‎5.3). Based on definition of MCE, a more vigorous fire should results in less PAH 

(more complete combustion), while looking at the PAH vs. EC/TC ratio plots, the gas 

phase PAHs at first exponentially decreased and then started increasing (EC/TC>0.35). As 
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shown in Figure ‎5.3, Nap EF and the data scatter reaches to a min when the EC/TC ratio is 

~0.25-0.35. Lowest amount of Nap in this range was produced by cuh/CL (34.3 mg/kg 

[0.33]), oaw/FHUA (34.5 mg/kg [0.34] and 46.2 mg/kg {0.26]). From 0.35 up to 0.7 a slight 

rise in production of Nap can be observed. In the post-harvest (Kentucky blue grass/wheat) 

study of Dhammapala et al., 2007 the individual values for emission factors of gas phase 

PAH were not reported, only the total (gas+particle) PAHs. What they showed was in 

contrast to values observed in this study. For the particle-phase, the total PAH in their study 

correlated with MCE (R2=0.62) but not for the gas-phase PAH (R2=0.06). They state that 

this could be due to largely variable temperature of the combustion chamber (28-50 °C) that 

led to more particle-phase compounds to be present in the gas phase. Jenkins et al., 1996a 

investigated the effect of stack temperature on gas-to-particle partitioning, referring to their 

plot, 20-50 °C can make up to 100% change in the partition of PAHs in the gas-to-particle 

phase.  

Fraction of total PAHs in the particle-phase in the current study varied 2 to 17% and 

averaged 8±4% (filter surface temperature 27-29 °C). This is consistent with the values 

suggested by Jenkins et al., 1996a for filters collected at 25-30 °C. PAHs with molecular 

weight of above 200 were mostly captured on the filter, less than this MW the PAH were 

found in the tubing rinsate. Less than 1% and 2.8% of Nap and Ant ended up on the filter 

consistent with the results of rice straw from Jenkins et al., 1996a, respectively. Compared to 

their study, we found relatively higher amount of lighter and lower amount of heavier 

species consistent with Jenkins et al., 1996a, their woody fuels led to lower fractions in the 

higher MW PAHs as well. We can also compare our particle-phase fraction of total PAHs 
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with the results of McDonald et al., 2000 study (reported using standard error not standard 

deviation) which were significantly different and largely variable compared to the current 

study: 50% for softwood in fireplace, 33% for hardwood in fireplace, and 25% for 

hardwood in woodstove (based on their average values). 

It should be noted here that lab studies should have higher EC/TC ratio primarily due to 

condensation of SOA and SVOCs on primary particulate matter from fires as the particle 

ages (Akagi, 2012a). Hosseini et al., 2012a proposed a way to correct for the ratio based on 

the amount of levoglucosan EF measured using online/offline methods. 

An open-burning laboratory study of stubble of post-harvest wheat and Kentucky blue grass, 

Dhammapala et al., 2007 suggested implementing methods of increasing the combustion 

efficiency to lower emissions of PAH in agricultural burning. However, considering the 

results of current study, more factors have to be taken into account to minimize PAH 

emissions.  

5.4.2. Carbonyls 

Emission factor of the carbonyls are presented in Table ‎5.4. We analyzed the DNPH 

cartridges for formaldehyde, acetaldehyde, acetone, acrolein, propionaldehyde, 

crotonaldehyde, methyl ethyl ketone (MEK), methacrolein, benzaldehyde, valeraldehyde, 

tolualdehyde, and hexaldehyde. Measurement uncertainties in Table ‎5.4 are shown using 

average ± one standard deviation (μ±σ). Based on the variability calculated for all the burns 

and individual aldehydes and ketones, the Coefficient of Variation (CV) ranged between 

10% and 59% corresponding to mes/FHUA and cea/FHL fuel codes, respectively. Overall, 
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fuels from CL, NC had the highest CV of 65% and the lowest was from VAFB, CA with 

26%. No trend in CV relative to the weight of aldehydes and ketones, unlike PAHs, was 

observed. Moreover, the variability of individual compounds of this group is similar to sum 

of aldehydes and ketones. 

The most abundant aldehyde was formaldehyde being 27.2±5.0% of total aldehyde 

emissions. The study average EF of formaldehyde was 466.6±461.1 mg/kg fuel burned at 

average MCE of 0.942 and average EC/TC ratio of 0.367466.6±461.1 mg⁄kg fuel burned 

〈0.942〉{0.367}. The min formaldehyde EF was 100 mg⁄kg fuel burned 〈0.964〉{0.589} 

emitted by oaw/FHUA, for which both MCE and ET/TC ratio indicated a very high 

burning rate. ‘lit’/FB emitted the highest rate of formaldehyde EF of 2026 mg⁄(kg fuel 

burned) 〈0.898〉{0.165} with very low burning rate. The next highest-ranked carbonyls were 

acetaldehyde, hexaldehyde, valeraldehyde, acetone with 19.1±3.1%, 15.4±4.5%, 14.4±4.4%, 

13.2±4.8%, respectively. These six compounds accounted for 89% of total aldehyde 

emissions. Methacrolein and tolualdehyde were below detection limit. A one-way between 

subjects ANOVA was conducted to compared the effect of fuel type on emission factor of 

aldehydes. There was a significant effect of fuel type at the p<0.05 level for the fuel types. A 

Tukey’s posthoc test along with homogenous subset results provided three subsets for the 

aldehydes for which their means were not significantly different from each other. The largest 

group included all fuel types except 1yr and lit, the second group had cea, 1yr, and 2yr, and 

the third cea, 1yr, 2yr, very similar to the homogenous subsets of EC/TC ratio, however 

very different compared to MCE with seven subsets. However, based on the figures 

discussed below the differences can be attributed to quality of combustion, not the fuel type. 
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Average study EFs of SW fuels for formaldehyde, acetaldehyde, and acetone were 

254.1±146.8, 170.7±98.1, 133.8±84.1 mg/kg fuel burned and for SE fuels were 

891.5±578.4, 702.6±429.9, and 434.6±238.8 mg/kg fuel burned, respectively. Aldehydes 

summed 298±612 and 3775±2422 mg/kg fuel burned for SW and SE, respectively. The 

fuels from SE emitted nearly 1.8-6.1 times higher aldehydes compared to SW fuels. The 

highest ratio of 6.1 belonged to hexaldehyde; MEK had the lowest ratio of 1.8. An 

independent samples t-test revealed that there is significant difference in the EFs of SE and 

SE fuels (p-value<0.01). However, the large discrepancy between the EF of SE and SW fuels 

is largely due to EC/TC ratio growing from 0.168 for SE to 0.472 for SW fuel and MCE 

from 0.925 to 0.951 resulting in hotter flames of SW and thus less aldehyde formation 

(Figure ‎5.5). As can be seen, only 3% decrease in MCE resulted in 200-800% growth in 

aldehyde formation, this formation rate is better described by means of 64% decrease in 

EC/TC ratio.  

SVOCs constitute a major fraction of non-methane hydrocarbons (NMOC) from biomass 

burning (Yokelson et al., 1996, Yokelson et al., 1997, Yokelson et al., 1999). It has been 

found that the OVOCs may constitute the majority of total hydrocarbons from biomass 

burning. For example, Yokelson et al., 2003 measured 5.3 g/kg of OVOCs and 3.6 g/kg of 

hydrocarbons including methane from an aircraft for a fire burning in savanna. Aldehydes, 

main fraction of OVOCs, can be emitted through combustion processes or formed in the 

biomass burning plumes by photochemical degradation of organic hydrocarbons, destroyed 

by photolysis, and reaction with OH or NO3 radicals. However, reaction with NO3 is of 

minor importance as a consumption process for aldehydes (Seinfeld and Pandis, 2006). 
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Therefore, concentration of aldehydes depends on the equilibrium state of the driving forces 

i.e. photolysis, OH reaction, OH formation. For example, in William fire plume 

ΔHCHO/ΔCO increased 47% over 1-hr period and then leveled off or ΔHCHO/ΔCO 

grew 7.3 times over a period of 4-hr, or as another example, in African savanna fire plumes a 

40 min ageing led to a 9 fold increase in ΔHCHO/ΔCO ratio (Yokelson et al., 2003b). Cloud 

processing can also significantly increase the mixing ratio of HCHO as discussed in 

Yokelson et al., 2003a through faster photochemistry on the outer layer of clouds and/or 

heterogeneous conversion of methanol to formaldehyde. The accurate measurement of 

oxygenated VOCs (OVOCS) from biomass burning is a crucial step in estimation of 

products of photochemical reactions, since OVOCs are a major source of OH radical in the 

system of equations for the predictive models. Photolysis of HCHO and CH3CHO can 

deliver 81.3% and 7.9% of locally-produced OHx radicals in a biomass burning plume 

(Jenkin and Clemitshaw, 2000, Crutzen and Andreae, 1990). 

The study average formaldehyde EF of 466 mg/kg fuel burned is consistent with the value 

of 440 mg/kg fuel at MCE=0.961 from savanna and grassland as reported by Andreae and 

Merlet, 2001. For tropical forest fuels at MCE=0.938 the reported EF of HCHO is 

comparable to our EF of lit fuel code produced at low MCE of 0.898. The average 

acetaldehyde and acetone EFs from the current study are also within their ranges of 

0.50±0.39 and 0.25-0.62 of savanna and grassland burns, respectively. Extratropical forest at 

MCE=0.936 produced 2.2±1.4 g/kg HCHO, a value that is 3.8 times higher than the 

emission factor calculated based on our best linear fit (see Figure ‎5.5). 
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Our regression line at MCE=0.91 gives an EFHCHO of 990 mg/kg fuel burned, half of 

1660 mg/kg fuel burned from the airborne study of Yokelson et al., 2007 in tropical forests. 

Their laboratory average of FTIR and PTR-MS mixing ratios led to an EFHCHO of 0.66 

g/kg compared to our model at MCE=0.949 which is 54% less. We observed 57% and 77% 

less acetaldehyde compared to both airborne (Yokelson et al., 2007) and laboratory 

(Yokelson et al., 2007) studies at MCE=0.91 and 0.949, respectively. One of the reasons for 

such high EFs in addition to photochemistry might be the significant biogenic emissions of 

such compounds from tropical forests (Yokelson et al., 2008). Christian et al., 2007 reported 

a ground based EFHCHO of 1.8 g/kg fuel burned from tropical forest burns in Brazil that 

is unusually low at a MCE of 0.788. Our regression line gives 2.95 g/kg fuel burned. The 

reason is that ground-based measurement should lead to a higher EF since the cold 

smoldering plume drifts near the ground in contrast to airborne measurements with more 

flaming phase components. 

Yokelson et al., 2008 suggested that their average airborne gas-phase VOC excluding 

formaldehyde and acetic acid should be multiplied by a factor of 1.12 and 2 for deforestation 

and pasture fires to account for separation of flaming/smoldering phase emissions in the 

rising smoke plume. The reasons that the suggested equation did not work for formaldehyde 

and acetic acid was that these two compounds are highly affected (increased) by post-

emission photochemistry and radical reactions. One might expect laboratory EF of HCHO 

be higher compared to airborne studies due to airborne measurements being inclined 

towards flaming phase emissions and due to formaldehyde being mainly emitted by 

smoldering. As a result, the formation rate of HCHO in the plume might be underestimated. 
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A possible source of error might be use of MCE as a mean of comparison. MCE is not a 

linear function of combustion; thus, partial (short) sampling of airborne studies might not 

lead to a representative MCE comparable with laboratory MCEs calculated during the whole 

burn. 

Christian et al., 2003b Investigated Indonesian fuels in the same laboratory as the current 

study. Their formaldehyde emission factors varied from 0.54 g/kg for alang-alang 

(MCE=0.953) to 3.17 (MCE=0.901) g/kg fuel burned for forest litter; their acetaldehyde 

ranged between 0.13 (MCE=0.953) for alang-alang and 1.25 (MCE=0.838) for peat fuel. The 

mixing ratios were measured by PTR-MS. Comparing the slope of regression line of 

formaldehyde and acetone from their study with the current study (no Acetaldehyde was 

measured in their study), it turns out that the formaldehyde and acetone from the current 

study were 10% and 30% lower, respectively. Since proton affinity of HCHO is close to 

water, measurement of HCHO requires detailed calibration of PTR-MS, which was not 

performed for their study. Instead, they used a rough rate constant correction method 

suggested by Hansel et al., 1995. They mentioned that PTR-MS is the only way to measure 

aldehydes continuously due to high noise-to-signal ratio of the FTIR.  

There are only a few publications on airborne measurement of emissions from fire of 

chaparral fuels (Hardy et al., 1996 and Radke et al., 1991). However, to our knowledge 

except the work of Burling et al., 2011 there are no previous field measurement reporting 

emission factors of formaldehyde from chaparral fuels. The MCE from the study of Burling 

et al., 2011 reporting EFs of chaparral burns averaged 0.935±0.017 and varied between 

0.903 and 0.950. They could not find any correlation between MCE and EF of HCHO due 
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to one of the points at MCE=~0.9 being unexpectedly low (~1.2 g/kg fuel burned), and due 

to lack of enough data points to be able to draw a conclusion. However, the average 

chaparral HCHO EF of their study was 2-4 higher compared to the current study using the 

regression line at their MCE (MCE=0.951±0.011). For the two fires of conifer understory 

burns in Camp Lejeune (CL in this study), Burling et al., 2011 reported EFs of 1.27 and 1.28 

g/kg fuel burned at MCE of 0.944 and 0.947. At these two MCEs, our regression line 

predicts 0.439 and 0.407 g/kg HCHO that is nearly 3 times less that their value. The best 

linear fit of EFHCHO vs. MCE presented by Yokelson et al., 2003a based a number 

previous airborne and laboratory measurements had slope that was 2.74 times higher than 

the EFs of this study. Figure ‎5.5 shows plots of select aldehydes against both MCE and 

EC/TC ratio. Formaldehyde is one of the products of the smoldering phase that is shown 

linearly correlated with CO emission factors (Goode et al., 2000). Since most of the carbon 

released from a fire is released in form CO and CO2, therefore MCE can be approximated 

using the following equation 
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Eq. ‎5.1 

where k is the proportionality constant, and [ ]  , [ ]      are the excess measured molar 

carbon concentration of CO and total carbon, respectively. This function is illustrated in 

Figure ‎5.4 for the entire range of MCE i.e. [0,1]. Although the function is not linear, it can be 

reasonably substituted with a linear function. It has been shown that formaldehyde and 

acetaldehyde are all products of smoldering phase and are correlated with CO. Since CO is 

linearly correlated with MCE, therefore, all other products of smoldering phase that correlate 

with CO will linearly correlate with MCE as well. MCE fails to represent the EF of flaming 

phase products, because the above-mentioned products are not correlated with CO during 

mixed and specially flaming phase (MCE>0.94).  

Plots of formaldehydes, acetaldehyde, and acetone against MCE and EC/TC ratio are shown 

in Figure ‎5.5. Best linear regression for all these compounds along with the pseudo Pearson 

coefficient (r2) are calculated and shown in the corresponding figures. EFs of aldehydes 

linearly decreased with increasing MCE in the range of 0.84 and 0.98. However, MCE 

appeared to fail for EFs of MCEs>0.94: a sudden drop in the EF of formaldehyde, 

acetaldehyde, and acetone and contraction of data points in the small range of MCE=[0.94-

0.98]. The same plots are again shown in Figure ‎5.5. against EC/TC ratio. Compared to 

MCE plots, data shown in EC/TC plots are equally spread across the range of 

EC/TC=[0,0.7] on a logarithmic y-axis. Data show linearity in their entire range. The best 



191 

regression line for formaldehyde is calculated as log(EFformaldhyde)=-1.52+2.95 with a 

psudo-R2 of 0.48 close to the R2=0.52 of the MCE plot. The log transformation led to a 

better linear representation of acetaldehyde and acetone EFs vs. EC/TC ratio of Psudo-

R2=0.49 vs. R2=0.22 and Psudo-R2=0.56 vs. R2=0.22, respectively, compared to the 

corresponding MCE plots. 

5.4.3. Other Volatile Organic Carbons (VOCs) 

A total of 34 thermal desorption tubes (TDS) tubes were analyzed for benzene, ethyl 

benzene, toluene, 1,3-butadiene, m,p-xylene, o-xylene, and. The average emission factors for 

each fuel type of SW and SE along with the calculated standard deviation (ave±stdev) are 

shown in Table ‎5.3. The coefficient of variation (CV) varied largely between 73-108% and 

85-116% for SW and SE groups with Ethylbenzene and m-p-xylene being the lowest and o-

xylene and toluene being the highest, respectively. The CV for MCE and EC/TC 

corresponding to the burns of analyzed samples were 1 and 4% for MCE and 28% and 77% 

for EC/TC ratio. It seems the large variability in these EFs based on region is more 

consistent with EC/TC. CV calculated within the fuel types decreased significantly 

compared to regional CVs. CV of benzene, toluene, ethylbenzene, xylenes, and 1,3-

butadiene reduced to 6-65% except for oaw/FHUA that consistently had CV of 100-140%. 

No distinct pattern was identified in CVs with respect to fuel type categorization or fuel type 

location.  

The study average EFs of VOCs in order of decreasing abundance were 169.4±179.87, 

94.8±148.7, 30.4±45.2, 14.1±15.3, 12.2±18.38, 10.4±20.6 mg/kg fuel burned for benzene, 

toluene, m,p-xylene, 1,3-butadiene, ethylbenzene, and o-xylene at the corresponding average 
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MCE of 0.942±0.026 and EC/TC ratio of 0.693±0.196. Benzene EF in this study is close to 

230±110 mg/kg of savanna and grassland number reported by Andreae and Merlet, 2001. 

However, taking into account their MCE, their benzene EF of 230±110 mg/kg at 

MCE=0.961 is nearly twice as the EF reported in this study. For tropical forests and 

Extratropical forest at their reported MCE, EFs of benzene of the current are ~4 times 

higher. This could be due to depletion of benzene in the atmosphere. Ethylbenzene at the 

report MCE=0.938 and 0.936 for Extratropical forest estimated to be 11 mg/kg which is 

close to the lower range of 13-35 mg/kg.  

Sinha et al., 2003 during their 10 field campaign in Africa measured the airborne EFs of 

benzene and toluene. We calculated the MCE based on their reported CO and CO2 values. 

Their MCE ranged between 0.931 and 0.987, and averaged 0.961±0.018. EF of benzene and 

toluene varied between 47 and 280 with an ave of 177.5± 86 mg/kg and between 0.56 and 

330 mg/kg with an average of 94±105 mg/kg. These reported EFs are close to our average 

study reported EFs. However, their reported EFs were not acceptably anti-correlated with 

MCE. Therefore, we could not compare the slope with the current study. 

Christian et al., 2003b performed laboratory measurements of emissions from a number of 

African and Indonesian fuels. Their EF of benzene and toluene averaged 1060±1266 mg/kg 

and 796±570 mg/kg (approximately 5-6 times higher than the current study). Calculating the 

best linear fit for their published data, we report that their benzene and toluene EF 

responses with respect to MCE were 4 times higher than this study. The 4-times difference 

could be attributed the difference in fuel types and type of combustion/sampling. For 

example, the peat sample smoldered for 2.5 hr while sampling. This specific sample 
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produced a significantly large amount of benzene (3190 mg/kg). Excluding this data point 

makes the slope only 50% more. The other reason might be the amount of mass burned, 0.6 

kg, in comparison to ~2 kg fuel of this study. 

As a part of TROFFEE study, laboratory EFs of benzene, toluene, ethylbenzene, and sum 

of xylenes measured by PTR-MS were reported for 16 tropical forest fuel species by 

Yokelson et al., 2008. We calculated the best fit using their published data. Compared to 

their EFs, our EFs were ~1.2 times lower except for ethylbenzene which was 2.4 times 

lower (R2=12%). However, for their Strawberry guava a plant native to South America, the 

EFs of aforementioned species were unexpectedly lower. Excluding that data points, our 

EFs are ~3.7 lower (R2=49%). 

Yokelson et al., 2007 investigated the airborne EFs of the aforementioned VOCs as another 

part of their TROFFEE study for experiments for which the MCE ranged over a range of 

0.882-0.947 and averaged 0.910±0.021. Plotting their EFs for the benzene, toluene, xylenes, 

ethylbenzene vs. MCE do not show any upward or downward trend over the entire range 

(Figure ‎5.6). However, compared to their average reported values, the EFs of benzene, 

toluene, and xylenes of the current study at the same MCE are 30%, 5%, and 12% higher. 

Ethylbenzene turned out to be 60% lower. Excluding ethylbenzene, the rest of the EFs are 

in good agreement. 

In the SW group, the lowest and highest EFs belonged to oaw/FHUA and cea/FHL, and 

were 4.1, 728.2 mg/kg respectively. For SE the lowest and highest benzene EFs were 20.8, 

702 mg/kg for 1yr/CL and duf/AK, respectively. There were significant differences (p-

value<5%) among EFs of SW and SE for toluene (SW: 54.5±52.6 g/kg, SE: 225.6±262.5 
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g/kg), m,p-xylene (SW:14.1±11.0 g/kg, SE:83.4±70.7 g/kg), ethylbenzene (SW: 6.1±4.4 

g/kg, SE:31.9±30.6 g/kg), o-xylene (SW:3.73±4.0 g/kg, SE:32.07±33.7 g/kg). No 

significant differences were observed for benzene (SW: 150.8±160.1 g/kg, SE: 229.4±235.8 

g/kg) and 1,3-butadiene (SW:11.3±9.1 g/kg, SE:23.3±26.1 g/kg). However, these 

differences can be attributed to efficiency of combustion as explained for PAHs and 

aldehydes.  

Among the fuels collected from SW, FHL had the highest emission rate of benzene, 429.4 

g/kg. FHL constantly emitted the highest rate of emissions for all the species due to its 

lowest MCE and EC/TC ratio of 0.944±0.10 and 0.402±0.142 in this group. The most 

vigorous burns of SW fuel were from VAFB category with MCE and EC/TC ratio of 

0.946±0.006 and 0.520±0.135, respectively. EFs of VOC were significantly affected by 

intensity of the fires. The 0.2% increase in MCE and 23% in EC/TC ratio resulted in 134, 

95, 89, 38, 24, and 17% decrease in the average EFs of benzene, 1,3-butadiene, o-xylene, 

ethylbenzene, m,p-xylene, toluene in this group. From the other hand for the fuels from SE, 

CL had the lowest EFs due to its high ave. MCE compared to other fuel locations in this 

group, e.g. EFbenzene=101.2 g/kg with MCE=0.944 or EC/TC=0.193. The effect of fire 

intensities can be clearly seen here as well. For example, going from AK with benzene EF of 

703.3 g/kg to CL with 8 time increase in EC/TC ratio and 14% increase in MCE, average 

EFs of benzene, 1,3-butadiene, o-xylene, ethylbenzene, m,p-xylene, toluene reduced 89, 86, 

87, 83, 79%, respectively.  
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5.5. Conclusion 

We investigated detailed gas-phase emission measurements from combustion of different 

vegetation types typically managed using prescribed burning on department of defense lands 

in the southeastern and southwestern US. We report emission factors for many gas-phase 

species including carbonyls, polyaromatic hydrocarbons and select volatile organic 

compounds. The coefficient of variation of PAHs, carbonyls, and volatile organic carbons 

varied between 10-270%, 10-50%, and 6-140% among all fuel types. Higher fuel moisture of 

SE resulted in considerably higher emission factors for SE fuels compared to SW. Therefore, 

except for PAHs, the statistical analysis of emission factors revealed fuel type/regional 

dependency. Generally, heavier PAHs resulted in higher variably due to their increased vapor 

pressure and increased gas-to-particle phase partitioning. For all fuel types, naphthalene was 

the highest accounted for the most of gas phase PAHs, 56±13%, except for duff that 

emitted 17% more acetylene compared to naphthalene. On average, formaldehyde 

accounted for 27±5% of total carbonyls emissions ranging between 100 and 2026 mg/kg 

from oaw/FHUA and lit/FB, respectively. EF of formaldehyde correlated linearly with 

MCE (R2=0.53). The study average EFs of VOCs in order of decreasing abundance were 

169.4±179.87, 94.8±148.7, 30.4±45.2, 14.1±15.3, 12.2±18.38, 10.4±20.6 mg/kg fuel burned 

for benzene, toluene, m,p-xylene, 1,3-butadiene, ethylbenzene, and o-xylene at the 

corresponding average MCE of 0.942±0.026 and EC/TC ratio of 0.693±0.196, respectively. 

We proved that EF CO can be approximated using a linear function of MCE, and showed 

that the EF of most of the compounds showed a sudden change in behavior at MCE=0.94 

consistent with the past reported behavior of EF OC by McMeeking et al., 2009 and 
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Hosseini et al., 2012b. The same type of behavior change at MCE=0.94 can be traced in the 

emission factors of PAHs, carbonyls, and other VOCs from the current study. We believe 

that the problem is due to definition of MCE; when the fire regime changes to flaming, the 

combustion pathways no longer support linearity of emissions with EF of CO. In the 

smoldering phase, many products of incomplete combustion such as formaldehyde correlate 

well with CO, thus correlate well with MCE too. As long as smoldering dominates the 

combustion process, all EFs lie on a line. However, when the flaming dominates 

(MCE>0.94), the emission factor of same compounds in terms of MCE fails to conserve 

linearity with respect to MCE. It seems that MCE significantly compresses a large portion of 

system changes, i.e. EC/TC ratio of 0.2-0.6, into a small fraction of MCE range, i.e. 

0.94<MCE<1.0, thus giving the false impression of linearity for most compounds. For 

example, only 3% decrease in MCE resulted in 200-800% growth in aldehyde formation, this 

formation rate is better described by means of 64% decrease in EC/TC ratio. As shown, EF 

of most compounds showed exponential decay with EC/TC ratio, e.g. formaldehyde, 

acetaldehyde, acetone, benzene, ethylbenzene, toluene, and xylenes. The Pearson coefficient 

for EF of these compounds vs. EC/TC showed significant increase when plotted vs. 

EC/TC ratio. PAHs in the gas phase showed a different behavior meaning exponential 

decay up to EC/TC ratio of 0.3 and then scattered increase. 
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Figure ‎5.1. Schematic of combustion laboratory at Missoula Forest Service Laboratory  
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Figure ‎5.2. Average particle-phase mass fraction of PAH species of all different fuel types in 
the current study. The error bars represent the standard error of the calculated emission 
factors.
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(m) 
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(o) 

 

(p) 

Figure ‎5.3. Plots of emission factors of Nap, Acy, Ph, Ant, Py, Fle, Fla, and total PAHs as a 
function of MCE and EC/TC ratio. Each fuel type is shown with a distinct symbol, and 
symbols are the same for all the sub-plots.  
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Figure ‎5.4. This plot shows theoretical emission factor of CO vs. MCE; the equation is 
formulated based on MCE and a proportionality factor; this proves that CO and all other 
co-emitted compounds such as formaldehyde, acetaldehyde, etc. can be linearly represented 
by MCE since they are all correlated with CO in the smoldering phase, but not during the 
flaming phase since the combustion regime changes. 
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(c) 
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(f) 

Figure ‎5.5. Plots of emission factors of formaldehyde, acetaldehyde and acetone as shown 
side by side a function of MCE and EC/TC ratio. Each fuel type is shown with a distinct 
symbol, and symbols are the same for all the sub-plots. 
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(g) 

 

(h) 

 

(i) 

 

(j) 

Figure ‎5.6. Plots of emission factors of benzene, ethylbenzene, o- and m,p-xylene as 
functions of MCE and EC/TC ratio shown side by side. Each fuel type is shown with a 
distinct symbol, and symbols are the same for all the sub-plots. 
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Chapter Six:  A new biomass burning model for 

determining the fire intensity based carbon ratios 

6.1. Abstract 

Modified Combustion Efficiency has been widely used as an independent variable in the 

field of biomass burning. To study prescribed burns and wild fires, we developed a new 

model capable of determining degree of fire intensity and emission rates as a replacement for 

MCE based on laboratory tests of 22 SW/SE U.S. vegetation types. We suggest the ratio of 

elemental (EC) to total organic (TC) carbon, as a measure to correlate levoglucosan and 

polyaromatic hydrocarbons with fire intensity. 

6.2. Introduction 

Biomass burning is a dynamic process during which large concentrations of Particulate 

Matter (PM) and trace gases are released into the atmosphere (Andreae & Merlet, 2001; 

Guenther et al., 2006). Greenhouse gases, indirect formation of ozone (Pfister, Wiedinmyer, 

& Emmons, 2008, Sudo & Akimoto, 2007), and primary/secondary organic aerosols can 

result in local to global climatic air quality changes (Rosenfeld, 1999, Wiedinmyer et al., 

2011). Prediction of these influences requires existence of an inventory of correct emission 

factors categorized based on correct characterization of fire and simulation packages based on 

efficient models.  
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Ward & Hardy, 1991 introduced combustion efficiency (CE), the ratio of total carbon 

emitted as CO2 to the total amount of carbon released by the fire (including gas and particle-

phase emissions), as an independent variable to model the emission release rate for open 

burning. Since the measurement of total hydrocarbons was a major challenge, another easier-

to-use meter, Modified Combustion Efficiency (MCE), was developed (Ward & Hao, 1991; 

Ward & Radke, 1993) and has become widely used by the scientific community. MCE was 

defined as the excess (molar) ratio of CO2 to CO plus CO2 (MCE=CO2/(CO + CO2). 

However, considering that nearly 95% of carbon release from biomass burning is in the 

form of CO and CO2, MCE is another representation of the emission factor (EF) of CO, i.e. 

1-MCE=CO/(CO+CO2). Thus, if a compound can correlate with MCE, it correlates with 

CO as well. For example, lab and field Particulate Matter (PM) mass correlate very well with 

MCE, so PM mass has to correlate with CO emission factor too, and it does. Although 

Ward et al. recognized that MCE provided insight into the completeness of the combustion 

process, but did not explain all of the observed variances. MCE does not explicitly describe 

an important factor: flame dynamics and intensity. In the following, we will show how 

carbon ratio (EC/TC ratio) from a fire can be used as a better indicator of fire intensity. 

6.3. Results and discussion 

We observed large variations in the measured amount of levoglucosan relative to total 

organic carbon for different fuel types and burn conditions in the current study (Burling et al 

2010). As an example, transient measurements of levoglucosan fragments (C3H5O2
+ and 

C2H4O2
+) vs. total organics emitted for two California chaparral fuel types (ceanothus and 

coastal sage scrub) suggest different rates of release (Figure ‎6.1). Since the slope estimates 
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differed significantly between fuel types, we considered fuel type to be an important factor in 

addition to fire-averaged MCE, which integrates flaming, smoldering, and mixed phases 

(Yokelson et al 1996). Nonetheless, none of the two parameters was able to explain the large 

variability observed in the dataset. 

Levoglucosan molecules released during pyrolysis of woody fuel have to either get oxidized 

or break down into smaller molecules in the more intense fire zones. If oxidation is the most 

important parameter in the high MCE rage, a better correlation between levoglucosan and 

MCE is expected. However, the emission factor of levoglucosan (EFLG) does not correlate 

well with MCE or EFCO for all of the lab fires and fuel types in the current study (Figure ‎6.2-

(a)).  

The energy requirement to break bonds of cellulose and form monomers of levoglucosan is 

low, thus large quantities of levoglucosan are released during combustion stages (Simoneit et 

al., 1999) accompanied by low EC and high OC emissions due to low combustion 

temperatures. However, for more energetic combustion stages, levoglucosan structure is 

expected to further break into C3-C5 decides, oxalic acid, acetic acid, and formic acid and/or 

to lose oxygen contributing to the large production of simple molecules such as CO2 (Gao, 

2003) accompanied by higher EC and lower OC fraction in the PM. Consistent with this 

description, a strong relationship between EFLG and the EC/TC ratio was observed 

(Figure ‎6.2-(b)). Therefore, it is inferred that EC/TC is an indirect measure of fire intensity 

capable of destructing levoglucosan molecules. Fire intensity is a measure of heat release 

rate. It has been shown that a higher intensity fire has a larger flame size (Wade, 1986, 
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Chandler et al., 1993) consistent with our observations of higher EC/TC ratio and larger 

flame size (Figure ‎6.3). No dependency of levoglucosan emissions on fuel type was detected.  

The EC/TC ratio is also strongly related to the emissions of other organic compounds 

(Figure ‎6.4). The fluoranthene/OC ratio increases exponentially with increase in EC/TC 

ratio (Fla/OC=0.09 + (EC/TC) 4.36, R2=0.80). The same trend was identified for Py/OC 

shown in Figure ‎6.4-c (Py/OC=0.28+9.61 (EC/TC) 3.78, R2=0.81), and also for 

benz[a]anthracene, chrysene, benzo[b] fluoranthene, benzo[k] fluoranthene, benzo[a] pyrene, 

benzo[ghi] perylene, dibenz[ah] anthracene, and indeno[1,2,3-cd] pyrene (shown in 

Figure ‎6.4-d). Acenaphthylene, acenaphthene, fluorene, phenanthrene, and anthracene did 

not seem to be correlated with EC/TC. In contrast to the previous group that had four or 

more fused aromatic rings, the exceptions in the second group had two or three rings and 

consequently higher vapor pressure (as opposed to more aromatic rings and lower vapor 

pressure), so depending on various factors such fire intensity and concentrations more 

variability is introduced to EFs. No trend could be observed in Figure ‎6.4-f between 

ΣPAH/OC ratio vs. MCE, the reason mainly lies within the underlying concept of PAH 

formation, which is not dependent on CO formation. It should be noted here that similar to 

levoglucosan, PAH EFs have been always reported with large variability when categorized 

based on MCE or fuel type. 

Combustion especially when considering wildfires/prescribed burns is even more of a 

complex process. The majority opinion at present, supported by numerous experimental and 

modeling studies, is that soot particles form via PAHs. In fact, PAHs are precursors of soot 

formation. Formation of PAHs requires high temperature O2-deprevated regions within the 
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main combustion zone as is dependent on a multitude of different reaction ( Frenklach, 

2002). It is shown that larger PAHs are formed by growth of smaller PAHs through HACA 

reactions (H2 abstraction- C2H2 addition) ( Frenklach, Clary, Gardiner, & Stein, 1985, Stein & 

Fahr, 1985) and also through H-atom migration (Michael Frenklach, Moriarty, & Brown, 

1998). At some size PAH species begin to stick to each other during collision, thus forming 

PAH dimers. PAH dimers collide with PAH molecules forming PAH trimers or with other 

dimers forming PAH tetramers, and so on. Individual PAH species keep increasing in size 

via molecular chemical growth reactions. In this manner the moderate-sized PAH clusters 

evolve into solid particles (M. Frenklach & Wang, 1994). Moreover, these small particles will 

later form soot with core-shell structures. The core is made of aromatic compounds 

nucleated and grown when the flame temperature is high, and the shell is made of aliphatic 

compounds condensed when the gas temperature becomes somewhat lower (Wang, 2011). 

So based on the relative residence time of primary PAH and soot products in the main 

combustion zones, and availability of high temperature zones, the fire can turn more 

particulate carbon to graphitic carbon, i.e. higher EC/TC ratio. 

Furthermore, there are also a number of numerical studies that defined soot as the 

accumulated weight of PAHs above a certain molecular weight. These studies could 

successfully predict the amount of soot (e.g.Frenklach et al., 1985). In addition, soot 

nucleation is likely to involve moderately sized PAHs (e.g. (Frenklach & Wang, 1994)). Due 

to all the chain-reactions that starts from the formation of the first benzene ring and 

eventually ends up in formation of soot, a higher ratio of soot to total carbon (EC/TC) is 

expected to indicate there has to be more PAHs in the total available particulate carbon. 
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Although measured MCE from a laboratory study and a field measurement can be very 

close, still there could be large differences in their measured EF PM. The flames in wildfires 

and prescribed burns are much larger (10-20m in height) compared to laboratory flames 

(max. 2m). Therefore, within the flame zone, temperatures are significantly higher and O2-

deprevation zones are more effective. These conditions are favorable towards soot 

formation. In another words, the fire has higher capacity for converting particulate carbon 

into graphitic carbon and for destructing more pyrolysis products (such as levoglucosan). In 

contrast, laboratory combustion of biomass engages mostly small size flames with 

consequently lower flame temperatures and more diffusive and convective oxygen, thus less 

EC/TC ratio. 

We did not investigate heading/backing fires; however, our model is capable to explain why 

heading fire produces more PAH per unit mass OC. Heading fires significantly produce 

more PM mass per unit mass of fuel burned. However, backing fires produce significantly 

higher amount of PAHs. For example, the yield of B[a]P in the reported values by McMahon 

& Tsoukalas, 1987 for heading and backing fires of slash pines ranged from 238 to 3,454 and 

from 38 to 97 μg/kg fuel, respectively. Additionally, the EC/OC emission factors reported 

by McMeeking, 2008 for Montana sage, and pine needles clearly indicates ~40% increase in 

EC and ~70% decrease in OC formation rates going from heading to backing fire. These 

changes translate to ~4 times increase in EC/TC ratio which is a significant change 

according to our model. However, MCE for the same two burns showed only a minuscule 

increase of ~1.5%. These observations are consistent with observations of McMohan & 

Tsoukalas, 1987. 
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Levoglucosan has been extensively used as a tracer of biomass burning and also in the 

source apportionment models (Simoneit et al 1999, Lanz, et al., 2007, Schauer & Cass, 2000; 

Zheng, et al, 2002). However, without the knowledge of intensity of a fire (EC/TC ratio) use 

of levoglucosan concentration in source apportionment models may not lead to correct 

results, because the values in the literature are based on a limited number of laboratory and 

field test measurements without quantitatively relating levoglucosan emissions with fire 

characteristics.  

The assumption that levoglucosan and EC do not undergo any change over transport times 

of several days (Fraser, 2000) might be used to estimate the amount of secondary OC 

formed in an aged smoke plume. The ratio of (EC/TC)fresh can be acquired from Figure ‎6.2 

using a known EFLG. Subtracting the OCfresh from OCaged, one can calculate the amount of 

secondary organics. The EFLG can be estimated based on the mass emission ratio of 

levoglucosan to CO2 multiplied by fire-averaged CO2 emission factor or based on total 

carbon CO and CO2 excess emissions. Among all field studies other than Kim Oanh et al., 

2011, no other study could be found that has reported EFLG and EC/TC ratios. Based on a 

LG/OC ratio of 464 mg/g OC from their reported field values and using Figure ‎6.2, OCfresh 

turns out to be 355-422 mg/g OC that infers 5-25% increase in the OC due to aging. 

However, in a recent study Hoffmann, Tilgner, Iinuma, & Herrmann, 2010 suggested that 

levoglucosan may not be stable in the atmosphere as it was thought to be earlier (see also 

chamber study of Hennigan et al., 2010). Based on model calculations, they proposed 

daytime degradation rates of 4.7 ng m-3h-1 and 4.7 ng m-3h-1 for polluted continental summer 
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and winter atmospheres, respectively. However, the suggested degradation rates can be 

incorporated into source apportionment models as a corrective approach. 

6.4. Conclusion 

We proposed that the EC/TC ratio is a good measure of fire intensity and a better surrogate 

for determining phase of combustion. Correlation of MCE with the fire most important 

factor i.e. heat release rate is overlooked by most studies. MCE is basically EFCO. CO 

correlates very well with PM mass, CH4, etc.; thus, these compounds correlate very well with 

emission factor of CO or MCE. Fire is a very complex process; due to different heat release 

rates, combustion of a block of fuel with known amount of mass and fuel characteristics and 

another block with twice as much mass and the same fuel characteristics will result in 

dissimilar emissions profiles. In the current study, EC/TC ratio correlated exponentially with 

the PAH/OC in the gas phase, and could perfectly explain why some burns lead to orders of 

magnitude higher levoglucosan emissions. Based on the results of this study, EC/TC ratio 

can be used as indirect measure of fire intensity. It was also shown that the amount of 

secondary organics in the particle phase of an aged smoke plume can be calculated using the 

estimated EF of aged levoglucosan and (EC/TC)aged and comparing these values with the 

values obtained from the plot of emission factor  of levoglucosan against EC/TC ratio 

presented in the current study.  
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Figure ‎6.1. Transient measurement of (a),(b) C2H4O2
+ and (c),(d) C3H5O2

+ ions (levoglucosan 
fragments) against total organics of aerosol phase emissions for ceanothus and coastal sage; 
scrub fuel types (darker color represent the beginning of combustion and brighter means 
more towards the end of burns); levoglucosan fragments measured using AMS (Qi et al, 
2012) 

 

 

Figure 7 Peaks resolved for m/z 60 and 73 from Chamise burning 
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Figure 7 Peaks resolved for m/z 60 and 73 from Chamise burning 
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Figure 8 Time evolution of (a) C2H4O2

+
 and (b) C3H5O2

+
 ions vs. total organics of aerosol 

emissions for nine biomass fuels 
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Figure 8 Time evolution of (a) C2H4O2

+
 and (b) C3H5O2

+
 ions vs. total organics of aerosol 

emissions for nine biomass fuels 
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(a) 

 

(b) 

Figure ‎6.2. Emission factor of levoglucosan plotted against (a) modified combustion 
efficiency (MCE) and (b) elemental carbon to total carbon ratio for all the burns; the amount 
of levoglucosan per kg fuel burned exponentially decreased with the increase in charring 
capacity (EC to TC ratio) 

 

 

(a) Ceanothus 

 

(b) Coastal Sage 

Figure ‎6.3. Comparison of flame sizes of (a) ceanothus and (b) coastal sage; more vigorous 
combustion of coastal sage led to larger flame size, i.e. more intense fire, and thus higher 
EC/TC ratio compared to ceanothus 

MCE=0.942
m=2100 g
FM=10%

EC/TC=0.359
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FM=7-9%

EC/TC=0.693
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure ‎6.4. These figures represent the relation between formation rate of select PAHs 
versus elemental carbon to total carbon (EC/TC) ratio. An exponential growth with increase 
in charring capacity of the fire (EC/TC ratio) has been observed for PAHs with higher 
number of fused aromatic rings. No trend was identified for PAHs with lesser No. Aromatic 
rings such as Acy, Ace, Fle, Ph, An, etc. 
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Chapter Seven:  Conclusions 

The overall objective of this study was to improve characterization of emissions under 

flaming and smoldering with respect to volatile organic compounds and reactive gases, heavy 

metal and ions, and particulate matter. This goal was achieved through numerous laboratory 

combustion of wildland fuels from southeast and southwest US, and simulating the fires in a 

similar way to what happens in nature.  

Chapter 2 investigates the effect of adding low-density polyethylene to piled silvicultural 

debris on smoke emissions. A series of experiments were conducted with varying amounts 

of polyethylene: 0.0, 0.25, and 2.50 wt% PE mixed with 2 kg of manzanita wood, and then 

the pile was ignited. Gaseous and particulate emissions were sampled during the entire 

flaming and mixed combustion phases and during a portion of the smoldering phase. An 

analysis of variance (ANOVA) coupled with general linear model accounting for effects of 

Modified Combustion Efficiency (MCE), polyethylene content and block effect was 

performed on 195 individually measured compounds. Results clearly showed that only 3M-

Octane increased with increasing polyethylene content. Fluoranthene, pyrene, indeno(1,2,3-

cd) pyrene, and M-cyclo pentane were also affected, however the statistical analysis could not 

identify any trend for these compounds. 

Chapter 3 extends our knowledge of size of smoke particles from wildland fires and 

prescribed burns. 77 burns of SW and SE fuels were conducted at the FSL in Missoula, MT. 

Due to the smoke being fresh, major mode of size distribution was in the range of 29-52nm. 
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Most of the fuels resulted in unimodal size distribution during flaming phase and strong 

bimodal distribution during smoldering phase. Comparing the size and mass distribution, we 

reported that 61-68% of particle mass was in the range of 0.5 to 10 μm. Plots of geometric 

mean diameter of particles vs. instantaneous MCE were presented in which a triangular 

pattern was found that could better differentiate combustion phases. It was found that 

geometric mean diameter rapidly increases during flaming and gradually decreases during 

mixed and smoldering phase combustion, unlike previous studies reporting larger particle 

size during smoldering phase and smaller particles during flaming phase. 

Chapter 4 represents detailed chemical and physical characterization of PM in smoke from 

combustion of SW and SE fuels. To determine relative amount of flaming and smoldering, 

we used Modified Combustion Efficiency of Ward, D.E. and Radke, 1993. In general, fuels 

from SW burned at a higher MCE compared to the fuel from SE resulting in lower PM 

emission factors. Fuel moisture greatly influenced the MCE. We observed that for fuel 

moistures less than 20%, the upper and lower bounds of fuel moisture vs. MCE plot sharply 

converged to MCE=1 and the bounds were defined by data points from backing/heading 

fires. However, the data presented in this study does not seem to be enough for drawing a 

definitive conclusion, and more experiments to relate fuel moisture, slope and wind is 

needed. The EC/TC ratio sharply increased as the MCE passed 0.94. This point might be in 

a turning point in the combustion characteristics, which cannot be captures using MCE. We 

also reported that PAH diagnostic ratios were observed to be poor indicators of biomass 

burning. Large fuel-type and regional dependency was observed in the emission rates of 

ammonium, nitrate, fluoride, chloride, sodium, ammonium, and potassium. 
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In continuation of chapter 4, chapter 5 investigates the emissions of gas-phase PAHs, 

carbonyls, and select volatile organic compounds. The statistical analysis showed that there is 

regional and fuel type dependency among the reported emission factors. However, 

considering the dependency of emissions on fuel moisture and effect of MCE on emissions, 

it may be concluded that fuel type and region have little effect on hydrocarbon emissions. 

We also showed that the EF CO can be approximated with a linear function based on a non-

linear function of MCE. Similar to what is shown for EF OC in chapter 3, we observed a 

sudden change of behavior for many other compounds at MCE>0.94 in this chapter. We 

believe that the problem is due to definition of MCE; when the fire regime changes to 

flaming, the combustion pathways no longer support linearity of emissions with CO 

emissions. Therefore, emission factor of compounds (e.g. naphthalene) fails to conserve 

linearity with respect to MCE. It seems that MCE significantly compresses a large 

portion of system changes, i.e. EC/TC ratio of 0.2-0.6, into a small fraction of MCE 

range, i.e. 0.94<MCE<1.0, thus giving the false impression of linearity for most 

compounds. We suggested that emission factors are better segregated using Elemental 

Carbon to Total Carbon ratio (EC/TC) compared to the Modified Combustion Efficiency 

(MCE). More effort is still needed, to understand the underlying relation between 

different combustion parameters and the emission factors. Unfortunately, a very 

important fire parameter, the temperature, was not measured; this parameter needs to be 

accounted for in the future studies. Other than this, considering the fact that on-line 

instruments such as OP-FTIR and PTR-MS can measure instantaneous mixing ratios of 
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various compounds from a fire, measuring instantaneous EC and TC values to account 

for indirect measurement of fire intensity using instantaneous EC/TC ratio is beneficial.  

In Chapter 6, MCE was shown to be a weak predictor of fire emission for compounds and 

species that weekly correlate with carbon monoxide; EC/TC ratio is proposed as a better 

surrogate of combustion intensity. Moreover, emissions of levoglucosan and PAHs in the 

particle phase were investigated, and it was turned out that the particle phase PAH/OC 

increases exponentially as the fire intensity (EC/TC ratio) increases and pyrolysis 

products such as levoglucosan decrease exponentially as the intensity decreases. 
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