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ABSTRACT 
 

Assessment of Ambient and Occupational Exposures to Air Contaminants from 
Wildland Fire Smoke 

 
by 
 

Kathleen McGuire Navarro 
Doctor of Philosophy in Environmental Health Sciences 

University of California, Berkeley 
 

Professor John R. Balmes, Chair 
 
This dissertation combines traditional methods of exposure assessment with new approaches to 
evaluate exposures in community and occupational settings to air contaminants commonly 
emitted from wildland fires and found in the ambient environment. 
 Wildland fires emit large amounts of air pollutants known to cause adverse health effects. Past 
exposure assessments of wildland fires have measured levels of fine and respirable particulate 
matter (PM2.5-PM4), acrolein, benzene, carbon dioxide, carbon monoxide, formaldehyde, 
crystalline silica, total particulates, and polycyclic aromatic hydrocarbons (PAHs). I evaluated 
exposures to air pollutants associated with wildland fires, specifically PM2.5 and PAHs at 
different exposure receptor levels - in communities near a wildland fire, occupational exposures 
of wildland firefighters, and biomarkers of exposure in the US population. 
 
First, I evaluated air quality impacts of PM2.5 from smoke from a mega wildland fire on receptor 
areas in California and Nevada. The 2013 Rim Fire was the third largest wildland fire in 
California history and burned 257,314 acres in the Sierra Nevada Mountains. This project 
employed two approaches to examine the air quality impacts, (1) an evaluation of PM2.5 
concentration data collected by temporary and permanent air monitoring sites and (2) an 
estimation of intake fraction (iF) of PM2.5 from smoke. The Rim Fire impacted locations in the 
central Sierra nearest to the fire and extended to northern Sierra Nevada Mountains of California 
and Nevada monitoring sites. Daily 24-hr average PM2.5 concentrations measured at 22 air 
monitors had an average concentration of 20 µg/m3 and ranged from 0 to 450 µg/m3. iF for 
PM2.5 from smoke during the active fire period was 7.4 per million, which is slightly higher to 
representative iF for PM2.5 in rural areas and much lower than for urban areas. This study is a 
unique application of intake fraction to examine emissions-to-exposure for wildfires and 
emphasizes that air quality cannot only be localized to communities near large fires but can 
extend long distances and impact larger urban areas. 
 
Next, I characterized exposures of wildland firefighters during wildland fire and prescribed fires 
to PAHs, explore associations between exposure and firefighting job tasks, and examine off-duty 
and community PAH and PM2.5 concentrations. Wildland firefighters working to control 
wildland fires work long shifts and are exposed to high levels of wood smoke with no respiratory 
protection. PAHs were measured on 21 wildland firefighters (N=28) while suppressing two 
wildland fires and 4 wildland firefighters conducting prescribed burns in California. Personal air 
samples were collected using actively sampled XAD-coated quartz fiber filters. Filters in cassette 
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cases were attached to the back of each wildland firefighter’s backpack. Community-level PAH 
air samples were collected for the first 12 days of a wildland fire and were collocated with a 
PM2.5 sampler. Samples were analyzed for 17 individual PAHs through extraction with 
dichloromethane and analyzed on a gas chromatograph with a mass selective detector. I detected 
measurable concentrations of 17 PAHs in personal samples on firefighters at prescribed and 
wildland fires and in area samples at a community nearby a wildland fire. Naphthalene, retene, 
and phenanthrene were consistently the highest measured PAHs at all three sampling scenarios. 
PAH concentrations were higher at wildland fires compared to prescribed fires and were highest 
for firefighters during job tasks that involve the most direct contact with smoke near an actively 
burning wildland fire. Although concentrations do not exceed current occupational exposure 
limits, wildland firefighters are exposed to PAHs not only on the fire line at wildland fires, but 
also while working prescribed burns and while off-duty. It is important to characterize exposures 
from wildland fires to better understand any potential long-term health effects. 
 
Lastly, I evaluated predictors of urinary PAH concentrations in 2001–2006 NHANES 
participants from a variety of sources including demographic information, food intake, housing 
characteristics, and modeled outdoor air pollutant exposures. Biomonitoring data provides a 
direct way to link human exposure to environmental contaminants. However, these data do not 
reveal how various exposure routes or media contribute to the body burden of a specific 
chemical. NHANES participants were linked to their census tract-level daily PM2.5 exposure 
estimate, outdoor temperature, and annual air toxics concentrations. Multivariate linear 
regression models were developed using the Deletion/Substitution/ Addition algorithm to predict 
urinary PAH levels using NHANES questionnaire data for model selection in all and non-
smoking adult NHANES participants. Exposure parameters were then added to each model. 
Model fit was assessed by comparing the R2 for each model tested. Exposure to PM2.5 and air 
toxics emissions were not associated with levels of urinary PAH metabolites. In the analysis 
current smoking status was the strongest predictor of PAH biomarker concentration and was able 
to explain 10% - 47% of the variability of PAH biomarker concentrations. The DSA selected 
models did not improve prediction in the “all adults” analysis. They were able to explain 10% - 
51% of the variability of PAH biomarker concentrations in all adults.  Among non-smokers, the 
DSA selected variables only explained 2% - 5% of the variability in biomarker concentrations.  
Further studies of routes of exposure of PAHs should be completed to understand how PAHs in 
the environment are contributing to the body burden of PAH. This study demonstrated how a 
rich dataset of biomarkers with individual information on demographics, food intake, and air 
pollution exposures can be used to examine the contribution of each route of exposure on the 
body burden. 
 
With the predicted increase of fire season in the western United States due to climate change 
resulting in more acres burned and smoke produced, it is important to quantify the air quality 
impacts from wildfires to develop effective strategies to protect public and wildland firefighter 
health. These methods outlined in this dissertation can be used to better estimate short-term and 
long-term health risks, so that public and occupational health practitioners, air quality regulators, 
and natural resource managers can develop mitigation strategies to reduce exposure to wildland 
fire smoke. 
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CHAPTER 1 - INTRODUCTION 
 
1.1 Overview  
 
The National Academy of Sciences report Exposure Science in the 21st Century: A Vision and a 
Strategy highlighted the need to develop new tools and methods to assess more accurately 
exposures to chemical, physical, and biological stressors.1 The report defined exposure science 
“as the collection and analysis of quantitative and qualitative information needed to understand 
the nature of contact between receptors (such as people or ecosystems) and physical, chemical, 
or biologic stressors.” Exposure assessment, an application of this discipline, is an important tool 
used to estimate human contact with environmental stressors. Accurate assessment of exposure 
can provide information on health risks and can lead to the development of public health 
protections and interventions.1 Traditionally, exposure is measured through direct methods, such 
as personal monitoring and biomonitoring, or indirect methods, such as questionnaires, exposure 
modeling, and area-level monitoring.2 The report highlighted the need to increase exposure 
science research into understanding relationships of environmental risks in human and natural 
systems. Additionally, there is a need to combine group and individual-level exposure 
measurements for single and multiple routes of exposure to gain a better understanding of 
exposure over space and time. 1 
 
This dissertation combines traditional methods of exposure assessment with new approaches to 
evaluate exposures in ambient community and occupational settings to air contaminants emitted 
from wildland fires. This information can be used by public and occupational health 
practitioners, air quality regulators, and natural resource managers that are interested in 
understanding how individuals are exposed to air contaminants from wildland fire smoke and 
what may be the associated health risks.  
 
Figure 1.1 Conceptual model of the three dissertation chapters. Each chapter evaluates an 
environmental exposure scenario.31          
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
a. Adapted with permission from - Greenfield, B. Modeling Environmental Exposure and Disease at the Scale of Microbes, Hospital Patients, and 
Geographic Regions, University of California, Berkeley, 2016. 
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1.2 Background 
 
Wildland Fire in the United States  
 
Wildland fire has long been an important ecological process of our natural world, only requiring 
three ingredients – fuel, oxygen, and heat.4 Prior to European settlement, many forests in the 
United States were historically shaped by wildland fires.5 Native Americans historically used 
wildland fire as a vegetation management tool to increase density of edible plants, provide 
material for basketry, and control insects and plant diseases.6 Historically, frequent small fires of 
low severity burned on the forest floor and resulted in thin open stand forests.7 In California, 
Stephens et al. 2007, estimated that during the prehistoric period wildland fires emitted 47 billion 
kilograms of particulate matter (PM2.5) annually.8  
 
For over a century, the primary objective of wildland fire policy in the United States was to 
suppress any wildland fires to protect communities and natural resources.9 This policy was 
developed after the Great Fire of 1910, one of the largest fires in American history, where 86 
people died, most of whom were firefighters.10 Since the 1930’s, with the introduction of the US 
Forest Service’s “10 AM Policy” that instructed that every reported wildland fire be put out by 
10 am the next day, there have been fewer small fires allowed to burn on our landscape.11 This 
policy has been very successful in reducing the number of wildland fires that burn every year, 
but has excluded fire from fire-dependent ecosystems.12  
 
Fire exclusion can change ecosystem structure and reduce resiliency to ecosystem disturbances. 
When fire is excluded from a forest, the forest can become denser with young trees that are fire-
intolerant and can act as “ladder” fuels. These ladder fuels can aid in the spread of fire from the 
surface of a forest floor to the canopy resulting in a crown fire that can lead to a large 
catastrophic high-severity fire.7 In addition, fire exclusion leads to an increase in tree density and 
forest fuels, and there is a decrease in forest heterogeneity and understory plant diversity.13 The 
increased amount of fuel load and ladder fuels available increases the likelihood that high-
severity crown fires will occur.5,14 Additionally, climate change is expected to increase the 
frequency and severity of wildfires due to drier fire seasons, warmer temperatures, reduced 
precipitation and snowpack.15  
 
If we want to reduce future catastrophic wildland fires, we need to work on restoring forest 
conditions that allowed small low to moderate fires to maintain open stand forests that were 
more resilient to fire. Forest thinning and burning could provide a method for restoring historical 
forest structure with increased heterogeneity that would allow wildland fires to burn at low or 
moderate severity.  Prescribed fire, intentionally ignited low-intensity fires, and managed 
wildland fires, wildfires that are allowed to burn for land management benefit, could be used to 
treat the abundance of fuel in forests and restore fire-adapted landscapes across a larger area.5 If 
our forests were more resilient to wildland fire we could have fewer large catastrophic wildfires 
in the future.  
 
However, we must consider the public health impacts of the smoke that is emitted from wildland 
fires.  Wildland fire smoke can contain fine and inhalable particulate matter (PM2.5–PM4), 
acrolein, benzene, carbon dioxide, carbon monoxide, formaldehyde, crystalline silica, total 
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particulates, and PAHs.16,17 Individuals can be exposed occupationally if they work as wildland 
firefighters or from ambient air that is contaminated with smoke from a nearby or distant 
wildland fire. If we increase the amount of fire that is allowed to burn over the landscape through 
prescribed or managed fire, we increase the amount of smoke that is emitted into the 
environment. On the other hand, if we do not return fire into fire-dependent ecosystems we could 
see an increase in large catastrophic high-severity wildland fires.   
 
When assessing health outcomes from exposure to wildland fire smoke, it is important to 
consider both short and long (acute and chronic) exposures to air contaminants. Wildland fire 
exposures are often episodic and short-term exposure, but if they happen often over a course of a 
fire season over many years, they could be considered a long-term exposure. This dissertation 
focuses on exposure to particles with aerodynamic diameter ≤2.5 µm (PM2.5) and polycyclic 
aromatic hydrocarbons (PAHs), as both are air contaminants emitted from wildland fire smoke 
that can be readily inhaled by humans and have known adverse health effects.   
 
Particulate Matter  
 
Fine particulate matter is derived primarily from combustion and can absorb and retain toxic 
substances such as volatile and semi-volatile organics (PAHs and quinones), transition metals, 
reactive gases (ozone and aldehydes), and sulfate and nitrate particles.18,19 Particulate matter can 
be deposited in the human respiratory tract through three main mechanisms - impaction, 
sedimentation, and diffusion.20 Inhalable particles with diameters of 0.5 to 2 µm are deposited in 
the respiratory tract through sedimentation.  Larger particles, up to 100 µm in diameter, are 
deposited in the respiratory tract through inertial impaction, whereas smaller particles, <0.5 µm 
are deposited though diffusional deposition.21 Fine particulate matter can be deposited in 
respiratory bronchioles and alveolar regions where gas exchange occurs in the human lung.20,21 
Particle deposition in the respiratory tract can be affected by an individual’s breathing rate and 
the amount of air they inhale.21  There is evidence that PM2.5 can cause adverse health outcomes 
through multiple biological mechanisms, such as increased local lung and oxidative stress and 
systemic inflammation, acute and cardiovascular effects, and acute and chronic respiratory 
effects. 22–25  
 
In urban environments, many epidemiological studies have reported adverse health outcomes 
from short and long term exposure to PM2.5. The Harvard “Six Cities Study”, a seminal air 
pollution epidemiology study, found an association between chronic exposure to PM2.5 and 
mortality.18 A reanalysis of study with additional years of data (1974-2009) reported that chronic 
exposure to PM2.5 was associated with an increased risk of all-cause, cardiovascular, and 
respiratory mortality.26  Thuston et al. 2016, examined increased risk of mortality associated with 
lower post-2000 PM2.5 concentrations in the National Institutes of Health-AARP cohort. They 
reported significant associations between PM2.5 exposure and total mortality and cardiovascular 
mortality in the entire cohort and respiratory mortality in the never smokers.27 In the American 
Cancer Society Cancer Prevention Study-II cohort of non-smokers, researchers reported an 
increased risk of lung cancer mortality (15-27%) associated with each 10 µg m-3 increase of 
PM2.5 concentrations.28 In the San Joaquin Valley of California, long-term exposure to PM2.5 was 
associated with frequent asthma symptoms among participants with physician-diagnosed 
asthma.29 Adults that were chronically exposed to traffic and PM2.5, at low levels, experienced an 
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accelerated rate of decline in lung function.30 Using data from the US Medicare program, Kloog 
et al. 2012, reported that the long-term exposure to PM2.5 was associated with hospital 
admissions for all respiratory diseases, cardiovascular disease, stroke, and diabetes.31    
 
Short-term exposures to PM2.5 can cause stroke, heart failure, arrhythmias, myocardial ischemia 
and infarction.22 The US Environmental Protection Agency, in their 2009 PM Integrated Science 
Assessment, concluded that there was positive reliable associations between non-accidental, 
cardiovascular, and respiratory mortality and short-term PM2.5 exposures.32 A systematic review 
by Atkinson et al. 2014, reported that short-term exposure to PM2.5 was associated with all cause, 
cardiovascular, ischemic heart disease, stroke, and respiratory mortality.33 They also reported 
significant associations between short-term exposure to PM2.5 and hospital admissions for 
cardiovascular diseases for all ages and for chronic obstructive pulmonary disease excluding 
asthma and lower respiratory infections in individuals older than 65 years. Kloog et al. 2012, also 
reported significant associations, between short-term exposure to PM2.5 and hospital admissions 
for all respiratory diseases, cardiovascular disease, stroke, and diabetes.31 For individuals with 
asthma, short-term exposure to PM2.5 to can lead to an increase in medication use and respiratory 
and asthma symptoms.32  
 
Polycyclic Aromatic Hydrocarbons  
 
Polycyclic aromatic hydrocarbons are hazardous air pollutants formed during incomplete 
combustion, are detected in food, air, and soil, and exist in the environment in both the gaseous 
and particulate phases.34 PAHs readily enter the human body through inhalation and ingestion. 
PAH exposure generally comes from the inhalation of cigarette smoke and polluted air from 
sources that include wildland fires, residential wood burning, waste incineration, and vehicle 
exhaust. PAHs can also be found in food through direct contamination from environmental and 
industrial sources and through preservation and processing procedures.35,36  
 
Lower molecular weight PAHs exist in the environment in the gas-phase; while higher molecular 
weight PAHs exist as particle-phase molecules. The United States Environmental Protection 
Agency has included 16 PAHs on their list on hazardous air pollutants - acenaphthylene, 
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, 
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, 
dibenz[a,h]anthracene, and benzo[ghi]perylene.37  In addition, retene is a PAH that has been 
associated with emission of wood smoke and was measured in this research.17,38 Table A.1 
summaries the chemical and physical properties of the 17 PAHs that were examined in this 
dissertation.  
 
PAHs can be absorbed through the respiratory epithelial lining and can be distributed throughout 
tissues in the body.34 PAHs are bio-transformed through Phase I and II metabolism. During 
Phase I metabolism, PAHs can be directly hydroxylated or oxidized by cytochrome P450 to form 
intermediate epoxides that are highly reactive. In Phase II metabolism, the hydroxylated PAHs 
are conjugated with sulfate or glucuronic acid and excreted through the urine or feces.39  
Through metabolism, PAHs can be transformed to chemically reactive intermediates that can 
form DNA adducts, radial cations, and redox-active quinones which can lead to mutation and 
tumor initiation.19,34    
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Commonly, PAHs are most known for their carcinogenic potential, but have also been associated 
with other adverse health outcomes. The International Agency for Research on Cancer has listed 
benz[a]anthracene, dibenzo[a,h]anthracene, and benzo[a]pyrene as probable human carcinogens 
and benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene, and 
naphthalene as possible human carcinogens.40,41 Past occupational health studies found that 
exposure to PAHs was associated with a higher risk of lung and bladder cancer and skin cancer 
from dermal exposure of PAHs.42,43  
 
In children of the San Joaquin Valley, California, exposure to ambient PAHs has been associated 
with decreased pulmonary and immune function and increased preterm birth and risk of wheeze 
among asthmatic children. 44–47 Hew et al. 2015, reported that elevated ambient PAH exposure 
for children with asthma and/or allergic rhinitis was associated with impairments in systemic 
immunity.46 In a cross-sectional study, Padula et al. 2015, exposure to PAHs with 4, 5, and 6 
benzene rings was associated with a decrease in lung function in non-asthmatic children.45 In an 
urban cohort of children in New York City, prenatal exposure to PAHs was associated with 
decreased birth weight and smaller head circumference in African American children.48 
Additionally, pre-natal exposure to PAHs was associated with decreases in cognitive 
development in children that were 3 years old.  Perera et al. 2006, found that high PAH prenatal 
exposure was associated with a lower mental development index and a higher odds of cognitive 
development delay in children.49  
 
Health Impacts from Wildland Fire Smoke  
 
Although there are many epidemiological studies that have provided evidence of adverse health 
outcomes associated with long and short-term exposure to PM2.5 in urban environments, there are 
fewer studies examining health outcomes and exposures to PM2.5 or PAHs from wildland fire 
smoke. It is important to study exposures to PM2.5 from wildland fire smoke, as the chemical 
composition of PM2.5 in wildland fire smoke can differ from that of urban sources of PM2.5.17,50 
Previous studies have suggested that PM2.5 from wildland fire smoke causes adverse respiratory 
health effects and possibly increased mortality and cardiovascular health effects.51–54 A recent 
systematic review of health impacts from wildland fire smoke by Reid et al. 2016 found evidence 
that wildland fire smoke was associated with respiratory morbidity including exacerbations of 
symptoms of asthma and chronic obstructive pulmonary disease. There was some evidence, not 
conclusive, that wildland fire smoke exposure is associated with respiratory infections and all-
cause mortality.55 Additionally, there are a few studies that found associations between wildland 
fire smoke exposure and adverse birth outcomes such as low-birth weight; however, these studies 
were limited and do not provide conclusive evidence.  Holstius et al. 2012, demonstrated that 
average birth weight was slightly reduced among infants that were in utero during the 2003 
Southern California wildland fires.56 
 
Health studies of wildland firefighters have examined acute health effects of smoke exposure 
across individual shifts and entire fire seasons. Liu et al. 1992 found that there were significant 
declines of individual lung function and an increase in airway responsive post-season compared 
to pre-season in 63 firefighters.57 When examining cross-shift changes in lung function, Gaughan 
et al. reported that firefighters had a significant decline in lung function that was associated with 
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high exposure to levoglucosan. In addition, wildland firefighters have increased levels of 
biomarkers of systemic inflammation after wildland firefighting and conducting prescribed 
burns.58,59 
 
Booze et al. 2004 conducted a health risk assessment to characterize the likelihood risk of health 
effects from exposure smoke for wildland firefighters.  Using past exposure studies, they 
examined cancer and non-cancer health risks among firefighters from exposure to PAHs, volatile 
organic compounds, respirable particulate matter, and carbon monoxide from wildfires for 
firefighters. The study concluded that the calculated risks of health effects were lower than 
expected for wildland firefighters. However, there were elevated risks of developing cancer from 
exposure to primarily benzene and formaldehyde and developing non-cancer health effects from 
exposure to PM3.5 and acrolein. Recently, Semmens et al. 2016, conducted the first long-term 
health assessment of wildland firefighters examining the association of duration of wildland 
firefighting career and self-reported health outcomes. The survey reported that there were 
significant associations between the number of years worked as a wildland firefighter and 
subclinical cardiovascular measures, high blood pressure and heart arrhythmia, and having had 
knee surgery.60  
 
1.3 Research Objectives  
 
My research objectives are to combine traditional methods of exposure assessment with new 
approaches to assess exposures in ambient community and occupational settings to air 
contaminants commonly emitted from wildland fires and found in the ambient environment. My 
specific aims are as follows:  
 
Chapter 2 - Examine the air quality impacts of PM2.5 from wildland fire smoke during a large 
mega fire, the 2013 Rim Fire through two approaches (1) an evaluation of PM2.5 concentration 
data collected by temporary and permanent air monitoring sites and (2) an estimation of intake 
fraction, the proportion of the mass of PM2.5 inhaled by individuals to the mass of the pollutant 
emitted into the environment PM2.5 from smoke.  
 
Chapter 3 - Characterize exposures of wildland firefighters during wildland fire and prescribed 
fires to PAHs and explore associations between exposure and firefighting job tasks, and examine 
off-duty and community PAH and PM2.5 concentrations associated with wildfires.  
 
Chapter 4 – Explore predictors of urinary PAH metabolite concentrations in the general United 
States population considering several routes of exposure including food intake, indoor sources, 
and outdoor air pollutants. 
 
These three different approaches combine group and individual-level exposure measurements for 
single and multiple routes of exposure to gain a better understanding of exposure over space and 
time. Chapter 2 and Chapter 4 use previously collected data to examine outdoor air pollution 
(PM2.5) exposures across various geographic regions to examine impacts on air quality and 
biomarkers concentrations. Chapter 3 and 4 use traditional, personal monitoring, and new 
methods, biomarkers in the United States population, to assess exposure polycyclic aromatic 
hydrocarbons from a specific source, wildland fires, and across multiple routes of exposure. 
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Together these exposure assessments provide evidence to explore how exposures to PM2.5 and 
PAHs from wildland fires could lead to adverse health effects for communities and wildland 
firefighters.  
 
1.4 Study Sites  
 
This dissertation research involved exposure data from multiple locations at different spatial 
scales. Chapter 2 was completed using previously collected and modeled PM2.5 exposure data for 
Central and Northern California and Western Nevada. Chapter 3 used primary data that was 
collected on individual wildland firefighters at wildland fire events on the Sierra and Sequoia 
National Forests and Sequoia-Kings Canyon National Park and at prescribed fire events that 
were on private land adjacent to the Six Rivers and Klamath National Forest. Chapter 4 used 
modeled daily and annual ambient air concentrations for the contiguous United States.  
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CHAPTER 2 - AIR QUALITY IMPACTS AND INTAKE FRACTION OF PM2.5 DURING 
THE 2013 RIM MEGA FIRE 
 
2.1 Background  
 
Each year thousands of wildland fires burn millions of acres of forested land across the United 
States and release smoke into the environment61. A century of fire suppression has changed the 
structure of forests accustomed to frequent low-severity fires. This change in forest structure has 
led to an increase of wildland fires that are burning larger areas and intensifying across all forest 
elevations.13,62,63 Additionally, climate change is expected to increase the frequency and intensity 
of wildfires due to drier fire seasons, warmer temperatures, reduced precipitation, and less 
snowpack.13 By the mid-21st century, the wildfire season in the western United States is 
predicted to become longer, burn a wider area, and produce twice as much smoke.64  
 
Wildfires emit large amounts of smoke that contains air pollutants known to cause adverse health 
effects, such as particulate matter with an aerodynamic diameter ≤2.5 µm (PM2.5).17 Smoke from 
wildland fires has the ability to disperse across thousands of kilometers and potentially expose 
many people to elevated concentrations of PM2.5. 65, 66 Previous studies have suggested that PM2.5 
from wildland fire smoke causes adverse respiratory health effects and possibly increased 
mortality and cardiovascular health effects.51–54 A recent literature review of health outcomes 
associated with smoke exposure by Liu et al.67 determined that 70 percent of all mortality studies 
and 90 percent of respiratory health outcome studies found a statistically significant association 
with smoke from wildfires. The authors concluded that there was insufficient evidence to 
determine if there is an association between cardiovascular outcomes and smoke exposure, 
despite there being 6 studies that have found statistically significant associations with exposure 
to smoke and cardiovascular outcomes. Rappold et al.53 reported that there were significant 
changes in the relative risk of emergency department visits for cardiopulmonary symptoms and 
heart failure during a peat bog fire in rural North Carolina. 
 
A common method used in health studies to assess exposure to PM2.5 from wildland fires is to 
use ground-based air monitoring networks.68 In response to wildland fires and concern about 
smoke exposure for downwind communities, the California Air Resources Board (CARB) and 
the United States Department of Agriculture Forest Service (USDA FS) deploy monitors to 
smaller communities that are experiencing smoke impacts.69 Additionally, the BlueSky Smoke 
Modeling Framework70 produces forecasts of PM2.5 concentrations from wildfires across regions 
of the United States.  
 
The 2013 Rim Fire ignited from an escaped campfire in the Stanislaus National Forest on August 
17, 2013 and burned into Yosemite National Park. The Rim Fire was declared contained on 
October 24, 2013 and burned at total of 257,314 acres (104131 hectares; 402 square miles). It is 
the largest wildfire recorded in the Sierra Nevada Mountain range and third largest recorded in 
California.71 This fire was notable for its unstable meteorological conditions,  that led to extreme 
fire conditions resulting in approximately 90,000 acres  (36,422 ha) burned just in two days 
(August 21 and 22).72  
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Our objective was to assess the air quality impacts of PM2.5 from wildland fire smoke during a 
large mega fire, the 2013 Rim Fire, throughout Central and Northern California and Western 
Nevada. We used previously collected data from permanent and temporary air monitoring sites 
and data from a smoke modeling framework to examine concentrations of PM2.5 during the fire 
event. In addition, we estimated the proportion of the mass of PM2.5 inhaled by individuals to the 
mass of the pollutant emitted into the environment PM2.5 from smoke across areas that were 
impacted during the active burning of the Rim Fire.  
 
2.2 Methods 
 
2.2.1 Study location and time period  
 
This study covers 14 counties in the San Joaquin Valley and the Central, Northern and Eastern 
Sierra Nevada Mountains in California and western Nevada. These counties were near the Rim 
Fire or reported air quality impacts from smoke during the Rim Fire (Figure 1). The study period 
was August 17, 2013 to October 24, 2013, the start and containment dates of the Rim Fire, 
respectively. In addition to the Rim Fire, there were 11 small fire events (smaller than 300 acres) 
and 1 other large fire event, the American Fire, that emitted smoke during the active fire 
behavior period for the Rim Fire (Table 1).73 

 
2.2.2 PM2.5 Monitoring Data 
 
PM2.5 concentrations were collected from 22 monitoring sites in California and Nevada (Table 2) 
and utilized to examine air quality impacts during the Rim Fire. Monitoring sites included in this 
analysis were 9 permanent sites operated by CARB, Nevada Bureau of Air Quality Planning 
(NBAQP) and Washoe County Air Quality Management Division (WAQMD) for National 
Ambient Air Quality Standard compliance and 10 temporary sites that were operated by the 
CARB Office of Emergency Response (OER) and USDA FS. Data for permanent sites in 
California and Nevada were obtained from US EPA AirData webpage.74 Data from temporary 
sites were provided by CARB OER and downloaded from the interagency real-time smoke 
particulate monitoring webpage.75 Site locations ranged from 7.3 km to 189.4 km from the 
geographic center of the fire perimeter (origin point) on the origin date of the fire (8/17/2013). 
Monitoring sites were located in the following regions: San Joaquin Valley, Central Sierra 
Nevada Mountains, Northern Sierra Nevada Mountains, Eastern Sierra Nevada Mountains, and 
Nevada (Figure 1).  
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Figure 2.1 – Map of study area, fire locations and monitoring locations  
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Permanent US EPA regulatory monitoring sites measured PM2.5 concentrations with Beta 
Attenuation Monitors BAM-1020 (BAM) manufactured by Met One Instruments, Inc. (Oregon, 
U.S.A.). Temporary non-regulatory sites deployed by CARB, OER, and USDA FS measured 
PM2.5 concentrations with the Environmental Beta Attenuation Monitors (EBAM); monitors that 
are designed for fast and temporary deployment (Met One Instruments Inc.). Since data collected 
by EBAMs are not used for regulatory air monitoring, the following parameters were used to 
exclude any abnormal measurements: (1) if the measurement included an alarm code and (2) the 
flow rate of the monitor was +/- 5% of 16.7 L min-3. BAM accuracy exceeds US EPA Class III 
PM2.5 Federal Equivalent Methods (FEM) standards for additive and multiplicative bias and the 
device has an hourly detection limit of 3.6 µg m−3and a 24-hr detection limit of 1.0 µg m−3.  
EBAMs have an accuracy of 10% of the true concentration measured and an hourly detection 
limit of 6.0 µg m−3and a 24-hour detection limit of 1.2 µg m−3.76, 77 
 
Daily 24-hr averages were valid if hourly measurements were available for at least 18 hr per day 
(75 percent). For days without 18 hours of available data, a measurement of zero was entered for 
the missing hours and a 24-hr average was calculated as a lower bound. If the calculated lower 
bound was above or equal to the 24-hr standard for PM2.5 (35 µg m−3) the value was considered 
valid and used in the analysis as the 24-hr average.78 
 
For each day, the calculated 24-hr average was categorized by the US EPA Air Quality Index 
(AQI) category, a system used to provide guidance on recommended actions to mitigate 
exposures to smoke for public health officials, the media, and affected communities (Table 3).27 
The AQI has 6 categories that correspond with 24-hr average concentrations of PM2.5: Good (0-
12 µg m−3), Moderate (12.1-35.4 µg m−3), Unhealthy for Sensitive Groups (USG; 35.5-55.4 µg 
m−3), Unhealthy (55.5-150.4 µg m−3), Very Unhealthy (150.5-250.4 µg m−3), and Hazardous 
(250.5-500 µg m−3). 
 
2.2.3 Intake Fraction 
 
One method to examine the relationship between emissions-to-exposure is to calculate intake 
fraction (iF); this metric is useful to compare the impact of a pollutant from specific sources. iF 
is used as a measure of the proportion of the mass of a pollutant inhaled by individuals of an 
exposed population to the mass of the pollutant emitted into the environment from a specific 
source or event.79, 80 PM2.5 from wildland fire smoke is one of multiple sources of PM2.5 and iF 
can be used to examine the impact of PM2.5 from smoke compared to other sources of PM2.5.  
 
Intake fraction for this study will calculate the proportion of PM2.5 mass inhaled in a study area j 
to PM2.5 emissions from wildfires in study area j (eq 1):79; 81  
 
Eq 1:    !" = 	 %&'()*+,&-	.-+*/012345	6789982:9    = ∑<=	>	? ,,A >	% A >	B(,)

∑	E(,,A)         
 
In this equation, BR is the average breathing rate (m3 person−1 day−1), C is the total ambient 
concentration of PM2.5 (µg/m3) from wildfires during the active fire period i over the geographic 
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iF study area j, P is the population (number of people) in the geographic iF study area, D is the 
duration (days) of the active fire period, and E is the emission of PM2.5 (kg) from wildfires 
during the active fire period i over the geographic study area j. We used a breathing rate of 13.9 
m3/day and population estimates for the study area from the 2010 US Census.82, 83 Intake fraction 
was calculated during the active fire period for the Rim Fire (August 18, 2013 – September 23, 
2013; N=37 days). Intake fraction of PM2.5 from wildfires was calculated for the active fire 
period over 10 counties (iF study area; Figure 1). Parameter values used in this analysis are listed 
in Table 3 and described below. iF is calculated as a dimensionless number between 0, 
representing that no emitted pollutants are inhaled and 1, representing that all emitted pollutants 
are inhaled. Generally, iF is expressed in units of per million, meaning that for 1 mg of pollutant 
inhaled there is 1 kg of pollutant emitted into the environment.84  
 
The BlueSky Smoke Modeling Framework provided daily estimates of PM2.5 concentrations and 
emissions.70 Briefly, BlueSky is a modeling framework that aggregates independent models of 
meteorology forecasts, fire activity (e.g., location and size), fuel loads, fuel consumption models, 
diurnal allocation of fuel consumption and emissions, vertical allocation of emissions (e.g. plume 
rise) and smoke dispersion models to estimate hourly PM2.5 emissions and hourly surface 
concentrations of PM2.5 from wildfires.  Fire activity was obtained from the SmartFire2 system, 
which relies on satellite fire detections from the National Oceanic and Atmospheric 
Administration (NOAA) Hazard Mapping System and ground-based information from the US 
Forest Service Incident Command System 209 reports (ICS-209). Fuel loadings were obtained 
from the Fuel Characteristic Classification System (FCCS) and fuel consumption was calculated 
using the CONSUME model.85–87 Fuel consumption was allocated hourly throughout the day 
using the time profile from the Interagency Western Regional Air Partnership where wildfire 
emissions peak at 1600 hours local time daily and exhibited an approximately Gaussian profile 
around the peak.88 Plume buoyancy was calculated from the heat released from the fire and then 
used in the Briggs plume rise algorithm.89 Some quantity of emissions are always emitted at the 
surface to account for fire smoldering, then the remaining emissions are allocated to 20 layers in 
the atmosphere that extend up to the plume rise value. For this assessment, we used emission and 
concentration estimates that were produced for daily 72-hr smoke forecasts for California and 
Nevada at a 2-km resolution using Weather Research Forecast meteorology from the Desert 
Research Institute and the NOAA HYSPLIT dispersion model. HYSPLIT was used to simulate 
primary PM2.5 emissions and dispersion and dry deposition from wildfires.90–92 Secondary PM2.5 
formation processes, wet deposition, and anthropogenic PM2.5 sources were not simulated with 
BlueSky.  
 
PM2.5 concentrations (C(i,j)) for the study area were derived from BlueSky hourly surface PM2.5 
concentrations. The BlueSky smoke forecasts provided a 2x2km grid for California and Nevada 
of hourly PM2.5 concentrations. For each gridded point contained in the iF study area, a 24-hr 
average was calculated from the hourly concentrations. One day in the active fire period did not 
have a forecast run (August 20, 2013). For this day, the previous day’s forecast that included the 
day was used to estimate PM2.5 concentrations.  
 
Total PM2.5 emissions (E(i,f)) from wildfires were estimated from BlueSky PM2.5 emission 
estimates for wildfire events within the iF study area. BlueSky provided daily emission estimates 
for each fire location in the modeling framework. First, wildfire events that occurred in the iF 
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study area and during the active fire period were selected. Details on the contribution of PM2.5 
emissions from each fire can be found in Table 1.    
 
We first calculated mass intake, the daily average PM2.5 concentration multiplied by breathing 
rate, for each county in the study area to examine any temporal or spatial differences. To 
calculate mass intake, the daily PM2.5 concentrations from the BlueSky 2-km grids were 
averaged across each county in the study area for each day in the study period and then 
multiplied by the breathing rate of the population (13.9 m3/day).  
 
To calculate iF, the daily BlueSky PM2.5 concentration values were averaged across the iF study 
area to create a single daily average concentration of PM2.5. Each daily PM2.5 average 
concentration for the iF study area were then summed across the active fire period to get C(i,j). 
Next, daily PM2.5 emissions (kg) were summed across all fire events in the iF study area during 
the active fire period to derive a total daily emission of PM2.5 from all fire events. Lastly, the 
summed concentration and emission metrics were inputted into the intake fraction equation with 
values for population of the iF study area, breathing rate, and number of days of the active fire 
period.  The daily average concentration and emission values were used to calculate daily iF 
values. Because we did not have spatially resolved data for PM2.5 emissions wildfires, i.e. 
specific emission estimates for each county, iF was calculated across the 10 counties and not at a 
smaller spatial scale.  
 
Ten counties across the entire study area were used (iF study area) to calculate iF of PM2.5 from 
wildfire smoke (Alpine, Amador, Calaveras, Carson, Douglas, El Dorado, Mariposa, Placer, 
Tuolumne, and Washoe). Counties were included in the iF calculation if the BlueSky PM2.5 
concentration estimates had good agreement with the PM2.5 concentrations measured by monitors 
in those counties. To test agreement between estimates, each monitor was assigned to the 
BlueSky grid in which it was located in and a Pearson product-moment correlation coefficient 
was calculated between the daily concentrations. Counties were selected if the Pearson 
coefficient (r) was greater than 0.4. Although, Mariposa, Calaveras, Amador, and Alpine 
counties did not have monitors to compare with the BlueSky estimates, they were included in the 
analysis because satellite images from National Aeronautics and Space Administration’s 
(NASA) Moderate Resolution Imaging Spectroradiometer (MODIS) show that the smoke plume 
from the Rim Fire did travel across those counties.93,94 Counties that did not have a Pearson 
coefficient (r) that was greater than 0.4, Fresno, Madera, Merced, and Mono, were not included 
in the iF analysis.  
 
We used SAS 9.4 and R v. 3.1.0 for all data cleaning and calculations and ArcGIS 10.2 for 
spatial data processing and map creation.95–97  
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2.3 Results  
 
Table 2.1 provides a summary of fire events that occurred during the study period. The Rim Fire 
was the largest fire event during the study period and accounted for 86.5 percent of the total 
PM2.5 emissions. The American fire was an additional large fire (27,440 acres) that occurred 
during the study period and contributed a total of 14 percent to the total emissions. When 
combined, the small fires that occurred during the Rim Fire in the study area accounted less than 
1 percent of the total PM2.5 emissions. Figure 2.2 provides information on growth of the fire 
during the study period. The Rim Fire had extreme fire growth between August 21st and 22nd 
expanding over 36,017 ha across two days. The Rim Fire continued to increase in size until 
September 8th with large area growth on August 26th (12066 ha) and August 30th (7103 ha); 
after September 8th the fire growth was minimal.  
 
Table 2.1 - Fire Information for fires during active burning period of the Rim Fire  
 

Fire Name Date (2013) Fire Size 
(ha) 

PM2.5 Emission 
Total (kg) 

Percentage of 
Total Emissions 

County 

Rim Fire  Aug 18 – Sept 23 103830 151,872,000 85.6 Tuolumne 
American Fire  Aug 18 – Sept 15 11105 24,662,403 14 Placer 
Small fires in 
study area Aug 18 – Sept 23 - 833,464 0.5 All Counties 

 
 
Figure 2.2:  Growth of Rim Fire during study period  

 
 
2.3.1 PM2.5 Monitoring 
 
Air quality impacts during the Rim Fire were localized in the central Sierra and extended to the 
northern Sierra and Nevada monitoring sites. Daily 24-hr average PM2.5 concentrations measured 
by the 22 air monitors ranged from 0 to 450 µg m−3. Monitoring sites in Rim Fire Camp, 
Tuolumne City, Groveland, Pollock Pines, and Gardnerville experienced the highest mean 24-hr 
average concentrations of PM2.5. The Rim Fire Camp, Tuolumne City, and Groveland sites were 
located closest to the fire (Table 2.2). The Rim Fire Camp monitoring site reported the highest 
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mean and maximum 24-hr average PM2.5 concentration (121 µg m−3, 450 µg m−3). Tuolumne 
City and Groveland had elevated mean 24-hr average PM2.5 concentrations, 70 µg m−3 and 42 µg 
m−3, respectively, compared to monitoring locations in close to the Rim Fire in Yosemite 
National Park, Yosemite Valley (14 µg m−3) and Tuolumne Meadows (27 µg m−3). Locations in 
the Central Sierra foothills, Jamestown, La Grange, and Bootjack, did not have elevated mean 
24-hr averages, 8 µg m−3, 16 µg m−3, and 10 µg m−3 respectively.  PM2.5 concentrations measured 
at Devils Postpile had a wide range of daily 24-hr average concentrations, 1 to 72 µg m−3, but did 
not have a high mean 24-hr average PM2.5 concentration (9 µg m−3) that would indicate that it 
was heavily impacted by smoke.  
 
Although sites in the northern Sierra and Nevada were not close to the Rim Fire, they reported 
elevated mean PM2.5 concentrations. Pollock Pines and Gardnerville had the highest mean PM2.5 

concentration in their regions, 31 µg m−3and 35 µg m−3, respectively. San Joaquin Valley 
monitoring sites in Merced and Tranquility reported two of the lowest 24-hr average PM2.5 mean 
concentrations, 6 and 8 µg m−3, respectively.  Mean 24-hr average PM2.5 concentrations 
measured in the San Joaquin Valley did not indicate that those sites were impacted by smoke 
from any fire.  
 
Impacts on air quality as identified by the AQI were localized to monitors near the fire in the 
central Sierra and extended to monitoring sites in the eastern Sierra, northern Sierra, and Nevada 
(Table 2.4). The Rim Fire Camp location was the only monitor to measure a Hazardous AQI day 
and had no Good AQI days. Very Unhealthy and Unhealthy AQI days were observed at ten air 
monitoring sites in the central Sierra, northern Sierra, and Nevada.  Tuolumne City, Polluck 
Pines, and Gardnerville had the most days that experienced Very Unhealthy and Unhealthy days 
in each region. Devils Postpile experienced one day each of Unhealthy and USG AQI. The San 
Joaquin Valley did not experience any considerable air quality impacts during the fire period, 
since all days were in the Good or Moderate AQI category. Of the total location days that were 
examined during the study period, 67 percent of all location days were categorized as Good, 20 
percent were Moderate, 4 percent were USG, 6 were Very Healthy, and 0.2 were Hazardous.  
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Table 2.2 – Site Information and arranged by region and distance from Rim Fire Origin  
 

Station Name  
Site Dates Agency Method 

Distance 
from Rim 
Fire (KM) 

Pearson 
Coefficienta 

Central Sierra   
Rim Fire Camp (RFC)  Aug 31 – Sept 19 USDA FS EBAM 7 0.83 
Groveland (GL)  Aug 22 – Oct 31  USDA FS EBAM 11 0.61 
Tuolumne City (TC)  Aug 23 – Sep 22 CARB OER EBAM 18 0.57 
Jamestown (JT)  Sep 14 – Sep 23 CARB OER EBAM 31 0.55 
La Grange (LG)  Aug 24 – Sep 12 CARB OER EBAM 31 0.23 
Yosemite Valley (YV)  Sept 6 – Oct 17 CARB OER EBAM 46 0.70 
Bootjack (BO)  Aug 2 – Oct 17 CARB OER EBAM 50 -0.09 
Tuolumne Meadows (TM) Aug 1 – Sept 20 CARB OER EBAM 64 0.23 
San Joaquin Valley   
Merced (MC)  Permanent Site CARB BAM 71 -0.17 
Clovis (CV)  Permanent Site CARB BAM 120 0.20 
Fresno (FR)  Permanent Site CARB BAM 122 0.31 
Tranquility (TQ)  Permanent Site CARB BAM 138 -0.23 
Eastern Sierra   
Devils Postpile (DP) Aug 17 – Sept 7 USDA FS EBAM 92 0.06 
Northern Sierra  
Pollock Pines (PP)  Aug 22 – Sept 17 CARB OER EBAM 110 0.51 
South Lake Tahoe (SLT)  Aug 28 – Sept 18 CARB OER EBAM 117 0.72 
Wentworth (WW) Aug 17 – Sep 9/8 CARB OER EBAM 134 0.32 
Cool (CO)  Aug 17 – 10/17 CARB OER EBAM 140 0.63 
Nevada  
Gardnerville (GV) Permanent Site NBAQP BAM 120 0.51 
Carson City (CC)  Permanent Site NBAQP BAM 146 0.45 
Reno (RO)  Permanent Site WAQMD BAM 187 0.48 
Reno Galletti (RG)  Permanent Site WAQMD BAM 188 0.48 
Sparks (SP) Permanent Site WAQMD BAM 189 0.60 

a.  Pearson coefficients between BlueSky concentration estimates and measured PM2.5 concentrations 
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Table 2.3– Distribution of 24-hr average PM2.5 Concentrations 8/17- 10/25/2013 arranged 
by region and distance to Rim Fire. N is the number of 24-hr average measurements at the 
location.  
 

    PM2.5 Concentration (µg/m3) 
Station Name N Mean (SD) Range 
Central Sierra 
Rim Fire Camp 18 121 (106) 24-450 
Groveland 33 42 (48) 3-191 
Tuolumne City 31 70 (65) 5-224 
Jamestown 10 8 (3) 4-14 
La Grange 18 16 (14) 3-44 
Yosemite Valley 39 14 (10) 3-40 
BootJack 59 10 (11) 3-58 
Tuolumne Meadows 26 27 (16) 7-69 
San Joaquin Valley 
Merced 70 8 (4) 2-21 
Clovis 47 10 (5) 3-28 
Fresno 67 12 (5) 4-29 
Tranquillity 65 6 (3) 2-12 
Eastern Sierra 
Devils Postpile  52 9 (12) 1-72 
Northern Sierra 
Pollock Pines 27 31 (39) 4-157 
South Lake Tahoe 22 21 (22) 4-81 
Wentworth 24 15 (12) 3-44 
Cool 59 10 (11) 3-58 
Nevada 
Gardnerville 70 35 (56) 2-208 
Carson City 70 21 (34) 3-170 
Reno 66 14 (16) 0-90 
Reno Galletti 66 16 (16) 2-89 
Sparks 66 15 (16) 1-79 
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Table 2.4– Daily Air Quality Impacts 8/17- 10/25/2013 arranged by region and distance to 
Rim Fire.  
 

AQI Category number of days 

Station Name Good Moderate USG* Unhealthy Very 
Unhealthy Hazardous 

Central Sierra 
Rim Fire Camp 0 4 1 8 3 2 
Groveland 10 11 4 6 2 0 
Tuolumne City 6 5 8 8 4 0 
Jamestown 8 2 0 0 0 0 
La Grange 11 4 3 0 0 0 
Yosemite Valley 20 18 1 0 0 0 
BootJack 50 6 1 2 0 0 
Tuolumne Meadows 4 16 4 2 0 0 
San Joaquin Valley 
Merced 60 10 0 0 0 0 
Clovis 37 10 0 0 0 0 
Fresno 37 30 0 0 0 0 
Tranquillity 65 0 0 0 0 0 
Eastern Sierra 

Devils Postpile  43 7 1 1 0 0 
Northern Sierra 
Pollock Pines 12 8 3 3 1 0 
South Lake Tahoe 12 6 2 2 0 0 
Wentworth 13 8 3 0 0 0 
Cool 50 6 1 2 0 0 
Nevada 
Gardnerville 47 7 2 8 6 0 
Carson City 49 8 3 9 1 0 
Reno 47 13 2 4 0 0 
Reno Galletti 44 15 3 4 0 0 
Sparks 45 15 2 4 0 0 
Total  670 290 44 63 17 2 

* USG – Unhealthy for Sensitive Groups 
 
 
 
 
 
 
 



 

 19 

At the most impacted sites, 24-hr mean concentrations were elevated from August 23, 2013 
through September 14, 2013 (Figure 2.3). This trend follows the trajectory of active fire growth 
and increasing acres burned during the same period. The Rim Fire experienced large acreage 
growth between August 21, 2013 and August 30, 2013. The Gardnerville site, which was furthest 
from the fire, had similar 24-hr mean concentrations to those at Tuolumne City during the large 
fire growth fire period. During that same time period, 4 sites reported 7 days that were 
categorized as having an AQI of very Unhealthy. By September 23, 2013, all of the highly 
impacted sites had returned to Good PM2.5 concentrations.  
 
Figure 2.3:  24-Hour PM2.5 Concentrations with Air Quality Index (AQI) breakpoints for 
the most impacted monitoring site from each region  
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2.3.2 Intake Fraction 
 
Intake fraction (units: per million) of PM2.5 from wildfire smoke during the active fire period 
(August 18 – September 23, 2013) across the iF study area in California and Nevada had a daily 
range of 0.07 and 54 per million with an estimate 7.4 per million for the entire study period. 
Table 3 summarizes the parameters used to calculate iF that were derived from the literature and 
BlueSky outputs. The sum of daily average PM2.5 concentration (C(i,j)) was 1967 µg/m3  across 
the iF study area and total PM2.5 emission from wildfires was 1.8 x108 kg during the active fire 
period.  
 
 
Table 2.5- Simplified Intake Fraction Parameters and Analysis  
 

Parameter  Total Daily 
Minimum  

Daily 
Maximum 

Breathing Rate (m3 person-1 day-1) 13.9 - - 
Population  1,211,628 - - 
Number of days  37 - - 
Ambient Concentration (µg m-3) 1,967 1.2 198 
Intake of PM2.5 from wildfires (kg)  1,225 0.8 123 
Emissions from wildfires (kg) 1.8 x 108 2.8x105 4.3x107 
Estimated intake fraction (per million)  7.4  0.07 54 

 
 
The total intake of PM2.5 across the study area during the active fire period was 1225 kg. Figure 1 
presents daily mass intake of PM2.5 (mass of PM2.5 inhaled per person per day) in the study area 
during the active fire period across three subsequent 12-day periods.   Compared to measured 
concentrations of PM2.5, the mass intake of PM2.5 followed a similar time pattern, elevated 
between August 18, 2013 and August 29, 2013 and again during August 30, 2013 and September 
10, 2013. Mass intake of PM2.5 was the highest (2920 - 18141 µg PM2.5 person-1 day -1) in 
Tuolumne County from August 18, 2013 to September 10, 2013 and in Mariposa County from 
August 30, 2013 to September 10, 2013. During the active fire period, mass intake was lowest in 
Washoe, Carson, El Dorado, and Amador counties. Alpine, Douglas, and Placer counties 
experienced elevated mass intake levels during the active period. By the end of active fire period, 
September 11 to September 23, 2013, Tuolumne County was the only location with an elevated 
mass intake.   
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Figure 2.4.  Mass Intake (ug PM2.5 person-1 day-1) for three 12-day periods during the 
active fire growth period  
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Pearson coefficients between BlueSky concentration estimates and measured PM2.5 
concentrations showed good agreement in locations that were impacted by wildfire smoke, the 
central and northern Sierra and Nevada (Table 2). Most BlueSky estimates were best correlated 
at monitoring sites that were closest to the fire, although BlueSky estimates in La Grange, 
Bootjack and Tuolumne Meadows that were close to the Rim Fire did not have good agreement 
with measured concentrations. BlueSky estimates were not well correlated with measured 
concentrations in the eastern Sierra and San Joaquin Valley.  The lack of agreement between the 
measured and estimated PM2.5 concentrations indicates that the PM2.5 concentrations measured in 
those locations were not likely due to wildfire smoke or may be due to BlueSky limitations.  
 
2.4. Discussion  
 
Our objectives were to examine and quantify the air quality impacts of PM2.5 from wildland fire 
smoke during a mega-fire. We hypothesized that locations nearest the Rim Fire would be most 
impacted by PM2.5 from wildland fire smoke. Data from PM2.5 monitoring sites indicated that air 
quality impacts were greatest at locations closest to the Rim Fire and extended to the northern 
Sierra and Nevada sites. Although monitoring sites in the San Joaquin Valley were close to the 
Rim Fire, their mean 24-hr averages and the fact that there were no AQI days above moderate 
indicated that San Joaquin Valley’s air quality was not heavily impacted by smoke from the Rim 
Fire.  
 
A previous study of PM2.5 air quality impacts from the 2011 Lion Fire (20,682 acres), a managed 
wildfire, demonstrated that wildfire smoke has mostly localized effects. In addition, PM2.5 from 
smoke resulted in days that were Very Unhealthy and Unhealthy according to AQI levels. 
Compared to the Lion Fire, the Rim Fire burned a much larger area and resulted in fewer days 
that were categorized as Good and Moderate. For the 2003 wildfire season in Southern 
California, Wu et al. estimated population-weighted daily exposures to PM2.5 for zip codes in 
Southern California from filter-based measurements.98 They estimated daily concentrations of 
PM2.5 on light and heavy smoke days to be 75 µg/m3 and 90 µg/m3 throughout Southern 
California during the fire period. The wildfire event in Southern California had a greater impact 
on air quality; only the Rim Fire Camp monitoring site had higher mean PM2.5 concentrations 
than Southern California.  
 
During the active fire period the intake fraction was 7.4, meaning that 7.4 µg of PM2.5 was 
inhaled for one kg of PM2.5 emitted from wildland fires. The highest amount of PM2.5 inhaled per 
person per day was after the large fire growth period on 8/27/13. Mass intake is a good metric to 
examine how much PM2.5 a population is inhaling per day in a specific area. If the 24-hr standard 
for PM2.5 (35 µg/m3) concentration were used to calculate the daily mass intake for each county, 
the daily mass intake would be 486 µg PM2.5 person-1 day -1. The mass intake in Tuolumne and 
Mariposa counties were between 6 and 31 times the mass intake of the EPA 24-hour PM2.5 
standard. During the active fire growth period, Calaveras, Placer, Alpine and Douglas counties 
had mass intake levels that were up to 3 times the mass intake of the EPA 24-hour PM2.5 
standard. The mass intake during August 30, 2013 – September 10, 2013 had the most counties 
that were elevated above 486 µg PM2.5 person-1 day -1. The last week of the active fire period, 
had all but Tuolumne County return to mass intake below the EPA 24-hour PM2.5 standard.   
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To our knowledge, this is the only study that has estimated iF of PM2.5 from wildfire smoke. 
When comparing iF, it should be noted that iF can be influenced by factors such as meteorology, 
population density and fate and transport of PM2.5.99  Previously, iF was calculated for PM2.5 
from wood smoke for census tracts in Vancouver, British Columbia during the winter period 
(days = 162).80 That study used model estimates of PM2.5 concentrations and emissions to 
calculate an iF of 13 per million (range 6.6-24) with daily mass intake that range from 0 to 120 
µg PM2.5 person-1 day -1.  Although the mass intake range for PM2.5 during the Rim Fire was 
higher than that for wood smoke in Vancouver, the intake fraction was lower during the Rim 
Fire. Which means that the intake of PM2.5 from a mega fire can be lower than the intake of 
PM2.5 from wood smoke in an urban environment. This difference could be due to the BlueSky 
estimates that were summed across the iF study area and were not as spatially resolved as the 
estimates used for the Vancouver wood smoke study. Additionally, our iF study area included 
some locations that may not have been impacted by smoke and the population the iF study 
location is smaller, which could lead to a smaller estimate of iF.  
 
Humbert et al.99 completed a literature review examining mobile and stationary sources of PM2.5 
across the United States. All values were adjusted to use a breathing rate of 13 m3/day.  The 
authors determined that representative iF values for urban, rural, and remote locations were 44, 
3.8, and 0.1 per million for ground-level PM2.5 emissions, respectively.  The authors defined 
urban locations as having a population density of 753 people km-2, rural locations having a 
population density of 100 people km-2 and remote locations having a population density of 1 
person km-2. The population density of the iF study area is 187 people km-2 and ranged from 0.6 
to 147 for each individual county in the iF study area.100 Our iF study area population density is 
best compared to the rural population density. The iF of PM2.5 from wildfire smoke is slightly 
higher than iF of PM2.5 in rural areas and significantly higher when compared to remote areas.  
 
Our results add to the literature quantifying PM2.5 concentrations during large wildfire events. 
We demonstrated the use of estimates of PM2.5 concentrations and emissions in a novel approach, 
calculation of iF, to assess the impact of PM2.5 from smoke compared to other sources of PM2.5. 
This approach could be used in a future study, possibly in an urban area that is impacted by 
smoke to assess the relative impact of PM2.5 from wildfires compared to traffic or stationary 
sources.  
 
We have PM2.5 concentration measurement data only for locations where air monitors were 
deployed or part of the regulatory network of monitors. There may be communities or locations 
that were also highly impacted during the Rim Fire period, which did not have a monitoring site 
nearby making it harder to evaluate any air quality impacts. We cannot conclude that PM2.5 
concentrations and emissions are attributable only to the Rim Fire. Although it was the largest 
fire actively burning during the study period there was one other larger fire. Since PM2.5 
concentrations are influenced by weather conditions, smoke dispersion, fuel type, and fire 
behavior, the results of this study will not be representative of all wildfires.  
 
For the calculation of iF, a limitation is the great uncertainty that exists in estimating emissions 
from fires. The uncertainty can range from approximately 10% to over 100% depending on 
variations in the fuels, consumption model, emission factors, and fire size.101–103 Calculating 
downwind PM2.5 concentrations from fire emissions is further complicated by uncertainties in the 
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wind field, choice of dispersion or chemical transport model, and allocation of emissions 
diurnally and vertically in the atmosphere.102, 103  
 
2.5 Conclusion 
 
This study demonstrates methods to assess air quality impacts of PM2.5 from wildfires. This study 
revealed that air quality impacts cannot be localized only to communities near large fires but can 
extend long distances and impact distant urban areas. The BlueSky Smoke Modeling Framework 
provided a unique opportunity to calculate iF and assess the impact of PM2.5 from smoke 
compared to other sources of PM2.5. With the predicted increase of fire season in the western 
United States due to climate change resulting in more acres burned and smoke produced, it is 
important to quantify the air quality impacts from wildfires to develop effective strategies to 
protect public health.  
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CHAPTER 3 - CHARACTERIZATION OF POLYCYCLIC AROMATIC 
HYDROCARBON EXPOSURE IN WILDLAND FIREFIGHTERS AT PRESCRIBED 
AND WILDLAND FIRES  
 
3.1 Introduction  
 
Over the past 10 years, approximately 63 million hectares in the United States have been burned 
by wildland fires. In 2015, 27,000 wildland firefighters employed by the federal government 
worked to suppress wildland fires over 4 million hectares, the highest amount of forested land 
changed in the last decade.104,105 Prescribed fires are intentionally ignited, low-intensity fires 
used for land management and ecological benefit and can reduce risks of future wildland fires.106 
Annually in the United States, roughly 900,000 hectares are treated with  prescribed fire.1 
Wildland firefighters suppressing wildland fires or conducting prescribed burns often work long 
hours, are exposed to high levels of wood smoke and do not wear respiratory protection, which is 
infeasible given the physically demanding nature of wildland firefighting.107,108  
 
Wildland fires emit large amounts of air pollutants known to cause adverse health effects. 
Previous studies of wildland firefighters have shown that wood smoke exposure is associated 
with increases in airway responsiveness, decreases in lung function, and a significant cross-shift 
difference in circulating cytokine levels.108,109 Gaughan et al. 2014 reported that some wildland 
firefighters had acute lung function decline after exposure to fine smoke particles.110 Past 
exposure assessments of wildland fires have measured levels of fine and respirable particulate 
matter (PM2.5,PM4), acrolein, benzene, carbon dioxide, carbon monoxide, formaldehyde, 
crystalline silica, total particulates, and polycyclic aromatic hydrocarbons (PAHs).107 
 
PAHs are a class of compounds consisting of two or more fused benzene rings.111  They are 
hazardous air pollutants formed during incomplete combustion and are known mutagens and 
carcinogens. The International Agency for Research on Cancer has listed benz[a]anthracene, 
dibenzo[a,h]anthracene, and benzo[a]pyrene as probable human carcinogens and 
benzo[b]fluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene, and naphthalene as 
possible human carcinogens.112,113 Exposure to PAHs has also been associated with 
cardiopulmonary mortality and immunotoxicity.114,115  
 
Lower molecular weight PAHs exist in the environment in the gas phase; while higher molecular 
weight PAHs exist in the particle phase.116 Past studies have demonstrated that open-air burning 
of wood generates more gas-phase than particle-phase PAHs. Only a few studies have 
characterized personal exposure levels of PAHs during wildland fires. Materna et al. measured 
PAH concentrations in northern California during three wildfire seasons (1986-1989) and 
reported highest mean concentrations for pyrene, phenanthrene and fluoranthene.117 A National 
Institute for Occupational Safety and Health (NIOSH) Health Hazard Evaluation Report 
completed in 1994, detected acenapthene, anthracene, and naphthalene in the gaseous phase and 
acenapthene, anthracene, benzo[b]fluoranthene, and fluoranthene in the particulate phase in the 
breathing zone of wildland firefighters in Yosemite National Park.118 During prescribed burning 
of wood piles, Robinson et al. detected only gas-phase naphthalene, phenanthrene, and fluorene 
in personal air samples.119  
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The objectives of our study were to characterize exposures of wildland firefighters during 
wildland fire and prescribed fires to PAHs, explore associations between exposure and 
firefighting job tasks, and examine off-duty and community PAH and PM2.5 concentrations 
associated with wildland fires.  
 
3.2 Methods 
 
3.2.2 Study Participants and Location  
 
The study population consisted of members of an Interagency Hotshot Crew (IHC), a Type 6 
Wildland Fire Engine Crew, and participants of a prescribed fire training event. Prescribed fire 
samples were collected in October 2014 and 2015 at two annual training hosted by the Mid-
Klamath Watershed Council and The Nature Conservancy in the Klamath River region of 
northern California. All prescribed burns conducted were broadcast burns, where fire was 
applied directly to a predetermined area and is confined to that space. Wildland fire samples 
were collected at two fires, during day shifts of the Willow Fire from July 26, 2015 - August 1, 
2015 and during night shifts at the Rough Fire from September 1 - 5, 2015. The Willow Fire 
burned 2,307 ha (5,702 ac) in the Sierra National Forest.120 The Rough Fire burned over 61,000 
ha (151,623 ac) in Kings Canyon National Park, Sequoia National Forest, Sierra National Forest, 
and adjoining state and private lands.121 Community samples were also collected during the 
Willow Fire for the first 12 days of the wildland fire.  
 
Wildland firefighters perform a variety of job tasks to suppress fires including operating a fire 
engine, fire line construction, holding, patrol, staging, mop-up, and firing operations. Engine 
operators work as a part of an engine crew and operate the diesel pumps on an engine that 
provide water to crews working near the fire. Fire line construction involves clearing vegetation 
and digging or scrapping down to mineral soil with hand tools to create a break in fuels to stop 
the spread of a fire. Crew members engaged in holding walk along the active fire and check that 
the fire has not crossed the fire line; if it has, suppression tactics are used to control the fire. 
While patrol involves inspecting an inactive fire perimeter. Often crews will wait at a location 
near the fire to hear where they have been assigned (staging). After the fire has been controlled, 
crews will extinguish any burning material by digging out the burning material or applying water 
to stop any smoldering material that may re-ignite a fire (mop-up). Ignition of fuels with torches 
filled with a 3:2 diesel/unleaded gasoline mixture is used at prescribed fires, and often in 
wildland fire suppression (firing). Additionally, when working on a large wildland fire, 
firefighters will sleep and eat at a base camp that provides logistical support (incident command 
base) and is situated close to the fire. Firefighters working at the Willow Fire performed the 
following job tasks: engine operator, fire line construction, holding, mop-up and firing. At the 
Rough Fire, firefighters performed the following job tasks: engine operator, holding, patrol, and 
staging.   
 
The study protocol was approved by the UC Berkeley Committee for Protection of Human 
Subjects and informed consent was obtained from each study participant.  
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3.2.3 Exposure Assessment 
 
Personal Monitoring  
 
Gas-phase and particle-bound PAH samples were collected using XAD2 sorbent tube and a 
37mm closed faced cassette (SKC, Inc. Eighty Four, PA) with two quartz fiber filters (PallFlex 
Tissuquartz) in series impregnated with XAD4.122–124Air was drawn through the cassettes using 
SKC Airchek 52 sampling pumps (SKC, Inc. Eighty Four, PA) at 1.5 – 2 L/min and the XAD2 
sorbent tubes using PAS-500 Micro Air Samplers (Spectrex, Redwood City, Ca) sampled at 0.2 
L/min. To verify flow rates, pumps were calibrated before and after each sampling event with 
representative sampling media using a Defender 510 DryCal (Mesa Labs, Inc. Butler, NJ).  
Cassettes and XAD2 sorbent tubes were placed on the shoulder straps of each firefighters’ gear 
pack, to not interfere with work tasks. These packs contain emergency fire shelters, food, and 
water and are required to be worn while firefighters are working on an active fire. Sampling 
pumps were placed inside the pack and the samplers were placed as close to the breathing zone 
as possible. Depending on work schedule and location, pumps were started when crews left the 
incident command base (ICB) or when they arrived to their work location for the day on the 
wildland or prescribed fire.  
 
At the end of each shift, participants were asked what job duty they performed during the 
majority of their work shift and to rate the smoke conditions that they experienced (none, mild, 
moderate, severe).110 Participants were also asked if they had used a chainsaw during the work 
shift, which could potentially add to their PAH exposure by combustion from the chainsaw 
engine.   
 
Community Area Monitoring  
 
Community-level PAH air samples were collected for the first 12 days of the Willow Fire and 
were collocated with a PM2.5 sampler. The monitoring site was located on the Bass Lake Ranger 
Station in North Fork, Ca, 1.1 km from the ICB. To examine differences between day and night 
exposures, two 12-hr integrated samples were collected. Generally, day time samples were 
collected from 7:01 to 19:00 and night time samples were collected from 19:01 to 7:00 the next 
day.125 Filters and XAD-2 sorbent tubes were collected using the same sampling protocol as 
described above for personal samples.   
 
Hourly PM2.5 concentrations were measured with Environmental Beta Attenuation Monitors 
(EBAM; Met One Instruments, Inc. Grants Pass, OR) and were used to calculate 12-hr averages 
that corresponded to the PAH samples. EBAMs are designed for fast and temporary deployment 
and have an accuracy of 10% of the true concentration measured and an hourly detection limit of 
6.0 µg m−3and a 24-hr detection limit of 1.2 µg m−3.77 Measurements were considered abnormal 
and excluded if the measurement included an alarm code, indicating instrument malfunction, or 
the flow rate of the monitor was below 15 L/min. 
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Laboratory Analysis and Quality Control  
 
Filters were extracted through sonication in dichloromethane followed by filtration under 
vacuum. XAD2 sorbent tubes were extracted by shaking in dichloromethane (2 mL) for one 
hour. All analysis was performed on a gas chromatograph (Hewlett Packard model 6890) 
equipped with a 30 m (50%-Phenyl) methylpolysiloxane-fused silica capillary column and a 
5972 Mass Selective Detector operated in selected ion-monitoring mode. XAD2 sorbent tubes 
were analyzed for naphthalene (NAP). Filters were analyzed for 17 PAHs: acenaphthylene 
(ACY), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), 
fluoranthene (FLT), pyrene (PYR), and retene (RET), benz[a]anthracene (BAA), chrysene 
(CHR), benzo[b]fluoranthene (BBF), benzo[k]fluoranthene (BKF), benzo[a]pyrene (BAP), 
indeno[1,2,3-cd]pyrene (ICP), dibenz[a,h]anthracene (DBA), and benzo[ghi]perylene (BGP). 
PAH concentrations of individual PAHs measured by sorbent tubes and filters were summed for 
statistical analysis. However, some personal samples consisted of only a filter sample and were 
not paired with a sorbent tube, so NAP concentrations were not measured. 
  
During the first analyses of a set selected XAD sorbent tubes and filters were checked for 
breakthrough. If there was evidence of breakthrough, the front and back sections of all filters or 
tubes from that sampling event were analyzed separately and the amount of breakthrough was 
quantified. We determined breakthrough by inspecting if the amount of each analyte in the back 
filter was greater than 25% of the total amount of analyte detected in both the front and back 
filters or section of sorbent tube. Field blanks for filter cassettes and XAD sorbent tubes were 
collected at each sampling event to examine contamination of sampling media in the field or 
during transport. All samples were adjusted for blank concentrations and for the limit of 
quantitation (LQ). The LQ was determined for each PAH and day of laboratory analysis.  
 
The average LQ was 2.6 ng (typically 3.7 ng m-3) with a range of 1.0 – 5.3 ng (1.71 – 7.14 ng 
m3). To perform statistical analyses, samples that were less than the LQ were assigned the LQ 
divided by 2.  
 
3.2.4 Statistical Methods  
 
Characteristics of participants and samples collected from participants were compiled and are 
presented in Table 1. PAHs were summed to create summary measures by the number of fused 
benzene rings. We created summary metrics for low molecular weight PAHs (S3 ring PAH), 
medium molecular weight PAHs (S4 ring PAH), high molecular weight PAHs (S5-6 ring PAH), 
and a total PAH metric of 3 through six ring PAHs, composed of 15 PAHs (S15 PAH). These 
summary measures did not include naphthalene or retene. The geometric mean (GM) and 
geometric standard distribution (GSD) were calculated for each PAH analyte, summary PAH 
metrics, and area-level PM2.5 in aggregate. One-way analysis of variance (ANOVA) tests were 
used to compare means of log-transformed concentration data by fire type, fire event, chainsaw 
use, and job task. Bonferroni t-tests of differences between means were used to identify which 
job tasks had statistically significant differences in PAH concentration. Pearson product-moment 
correlation coefficient was calculated to examine the association between area-level S15 PAH 
and PM2.5.  
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We used SAS 9.4 (SAS Institute Inc. Cary, NC) and R v. 3.1.0 (R Foundation, Vienna, Austria) 
for all data cleaning, calculations, and graphical processing.  
 
3.3 Results 
 
Twenty-five wildland firefighters participated in personal air sampling; 15 were members of an 
IHC, 6 were members of a Type 3 engine crew and 4 were members of a prescribed burn crew 
(Table 3.1). Participants working at wildland fires were primarily males (85%) and worked the 
day shift (71%), while approximately half of the participants working at prescribed fires were 
male. Only three participants (10%) at wildland fires used a chainsaw while working. All 
participants were non-smokers. When asked to rate their smoke exposure, participants at 
wildland fire and prescribed fires mostly rated their smoke exposure during their work shift as 
mild and moderate. A small subset of wildland fire participants (14%) rated their smoke 
exposure as severe.  
 
Table 3.2 presents the sampling time and number of samples collected for each of personal 
exposure sampling events. The geometric mean, geometric standard distribution, and minimum 
and maximum concentrations are reported for each sampling event by PAH analyte and 
summary metrics in Table 3.3. Arithmetic mean and standard deviation for each sampling event 
can be found in the Appendix (Table A.2).  Distribution of each PAH analyte and S15 PAH 
exposures by job tasks performed at prescribed fire and wildland fires are presented in Figure 3.1 
and 3.2, respectively. Distribution of NAP, RET, and S15 PAH for each exposure sampling 
event is presented in Figure 3.4. For Figure 3.1, 3.2, and 3.4, each box of the box plot represents 
the 25th, 50th, and 75th percentile with the whiskers representing highest or lowest value that is 
within 1.5 times the interquartile range from the edge of the box and the points representing any 
outliers.     
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Table 3.1: Characteristics of Study Participants                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Table 3.2: Characteristics of Samples  
 
 

Variable  Response 
Wildland Fire  N = 21 
Male  18 (86%) 
Crew Type   
 IHC 15 (71%) 
 Engine  6 (29%) 
Day Shift  20 (95%) 
Tobacco Use  0 
Chainsaw Use  3 (10%) 
Smoke Rating    
 None 2 (7%) 
 Mild 13 (46%) 
 Mild/Moderate 3 (11 %) 
 Moderate 5 (18%) 
 Moderate/Severe 1 (4%) 
 Severe 4 (14%) 
Prescribed Fire  N = 4 
Male 2 (50%) 
Tobacco Use  0 
Chainsaw Use  0 
Smoke Rating   

 None 1 (9%) 
 Mild 5 (45.5%) 
 Moderate 5 (45.5%) 
 Severe  0 

Task N Sampling Time (Mins) 
Mean SD 

Wildland Fire 
Engine Operator  2 433 322 
Fire Line  8 758 78 
Firing 1 778 - 
Holding 5 582 75 
Mop-up 8 594 262 
Patrol 3 554 185 
Staging 1 186 -  

Prescribed Fire 
Firing/Holding 2 438 93 
Firing 3 439 287 
Holding 3 364 133 
Mop-up 3 340 89 
Community  
Day Shift 11 682 131 
Night Shift  12 684 129 



 

 

Table 3.3: PAH and PM2.5 Concentration for Firefighters at Prescribed and Wildland Fires and Community Exposure from a 
Wildland Fire  
 

  Prescribed Fire Firefighter Wildland firefighter Community Exposure (N = 23)  

PAH Analyte (# of rings) N 

Concentration (ng m-3) 

N 
Above 

LQ 
(%) 

Concentration (ng m-3) Break 
through 

(%)1 

Above 
LQ 
(%) 

Concentration (ng m-3) 

GM GSD Min Max GM GSD Min Max 
AM 
GM 

(GSD) 

PM 
GM 

(GSD) 
Min Max 

Naphthalene (2) 11 669 7 <4 5073 21 100% 3189 3 319 21439 0% 100% 327 (3) 253 (2) 80 2515 
Acenaphthylene (3) 11 34 9 <1 489 28 100% 72 4 6 992 64% 4% 1 (1) 1 (2) <1 4 
Acenaphthene (3) 11 6 4 <1 31 28 100% 21 4 2 1094 57% 52% 2 (3) 2 (2) <1 19 
Fluorene (3) 11 13 6 <1 232 28 100% 77 4 9 1383 39% 43% 3 (5) 2 (5) <1 120 
Phenanthrene (3) 11 50 7 <1 761 28 100% 210 3 13 2867 25% 74% 5 (3) 5 (3) <1 70 
Anthracene (3) 11 4 6 <1 106 28 93% 16 5 <1 550 18% 4% 1 (1) 1 (1) <1 2 
Fluoranthene (4) 11 8 6 <1 306 28 100% 33 3 5 248 7% 57% 2 (2) 2 (2) <1 13 
Pyrene (4) 11 9 6 <1 270 28 96% 22 5 <1 2375 11% 4% 1 (1) 1 (1) <1 3 
Benz[a]anthracene (4) 11 8 4 <3 84 28 75% 10 4 <3 192 0% 78% 3 (2) 3 (1) <3 268 
Chrysene (4) 6 11 4 <4 97 28 86% 16 3 <4 250 0% 4% 4 (1) 4 (1) <4 11 
Benzo[b]fluoranthene (5) 6 5 3 <3 45 28 64% 7 3 <3 87 0% 9% 3 (2) 3 (1) <3 8 
Benzo[k]fluoranthene (5) 6 5 3 <3 59 28 57% 7 3 <3 79 0% 9% 3 (2) 3 (1) <3 10 
Benzo[a]pyrene (5) 6 5 4 <3 66 28 54% 7 4 <3 140 0% 13% 3 (2) 3 (1) <3 23 
Indeno(1,2,3-cd)pyrene (6) 6 3 5 <1 75 28 75% 6 5 <1 103 0% 4% 1 (2) 1 (1) <1 12 
Dibenz(a,h)anthracene (6) 6 4 2 <3 23 28 29% 4 2 <3 50 0% 13% 3 (2) 3 (1) <3 11 
Benzo[ghi]perylene (6) 6 3 4 <1 45 28 64% 5 4 <1 68 0% 9% 1 (1) 1 (1) <1 29 
Retene (3) 6 76 15 <4 4020 28 100% 1254 6 36 24562 0% 4% 15 (3) 15 (4) <4 2 
Total PAH 10 265 3 <39 9103 28 100% 586 3 88 7935 - 83% 45 (2) 40 (2) <29 236 
Low Molecular Weight (3) 11 135 6 <8 7849 28 100% 429 3 49 6885 - 83% 14 (3) 13 (3) <8 197 
Medium Molecular Weight (4) 8 54 3 <8 2377 28 96% 90 4 <8 2515 - 57% 10 (1) 10 (1) <8 22 
High Molecular Weight (5-6) 6 25 4 <12 312 28 75% 38 3 <12 528 - 13% 15 (2) 13 (1) <12 86 
PM2.5 - - - - - - - - - - - - 100% 49 (2) 12 (1) 7 105 

N = number of samples that were collected  
GM = geometric mean; GSD = geometric standard deviation; naphthalene (collected by XAD2 sorbent tube) and retene were not used to calculate S15 PAH or 
S3 ring PAH. Minimum values denoted with a less than sign (<) were below the limit of quantification. 
1. Sample breakthrough was determined by inspecting if the amount of each analyte in the back filter was greater than 25% of the total amount of analyte 
detected in both the front and back filters or section of sorbent tube. No breakthrough was observed in any of the samples collected in the community or on 
firefighters in the prescribed fires. 
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3.3.1 Exposure Assessment  
 
Personal PAH Concentrations - Prescribed Fire  
 
Participants at prescribed fires were sampled performing firing, holding, and mop-up (N=3 for 
each task) and also twice performing combination firing and holding (Table 3.2). Personal job 
task samples had mean sampling times that ranged from 340 to 439 minutes. All samples were 
corrected by field blanks for PAHs with the correction ranging from 0 to 40 ng, for each of the 
17 PAHs.  
 
The PAH analysis from samples collected at prescribed fires revealed that lower molecular 
weight PAHs were detected more frequently and at higher concentrations compared to higher 
molecular weight PAHs. With the exception of anthracene, all 2 and 3-ring PAHs were detected 
in at least 73% of all the samples. Detection of 4, 5, and 6 ring PAHs ranged from 73% to 33% 
of all samples collected. The GM for S3 ring PAH was 135 ng m-3 and contributed the most to 
the S15 PAH GM of 265 ng m-3 compared to the GM for S4 ring PAH (54 ng m-3) and S5-6 ring 
PAH (25 ng m-3). The GMs of the highest concentration of PAHs measured were 669 ng m-3, 76 
ng m-3, and 50 ng m-3 for NAP, RET, and PHE, respectively. NAP concentrations ranged from 
less than 4 ng m-3 to 5073 ng m-3 and consistently was the highest measured PAH. NAP GM 
concentration was 2.5 times higher than the S15 PAH GM. 
 
PAH exposures measured at prescribed fires were found to vary by job task (Figure 3.1). 
Firefighters performing firing and holding during the same shift at prescribed fires were 
consistently exposed to higher levels of PAHs compared to firing, holding, and mop-up. Firing 
had higher concentrations of ACY, ACE, and FLT compared to holding and mop-up. Firefighters 
performing mop-up had higher distributions of PHE, FLU, and RET concentrations. Across all 
job categories, naphthalene was the highest measured PAH with a median ranging from 304 ng 
m-3 for holding to 2918 ng m-3 for firing and holding. When comparing S15 PAH across job task, 
firing and holding had the highest median, followed by firing, holding and mop-up.  
 
Results from the ANOVA tests between job tasks and PAH concentration revealed that there 
were statistically significant differences in exposure to ICP, DBA, and BGP by job tasks 
performed at prescribed fires. Firefighters performing mop-up (median = 2.5 ng m-3) compared 
to firing and holding (75 ng m-3) had statistically significant higher ICP concentrations. ICP, 
DBA, and BGP exposures for firefighters performing firing/holding (median = 75, 23, and 45 ng 
m-3 respectively) were significantly higher compared to all other job tasks performed. All other 
job tasks had concentrations that were below the limit of quantification for ICP (1.4 ng m-3), 
DBA (2.5 ng m-3), and BGP (1.4 ng m-3).  
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Figure 3.1: Comparison of PAHs by Job Task at Prescribed Fires  
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ANOVA Results - Significant differences between paired means of the following job tasks: (a) Firing/Holding – Mop-up, (b) Firing/Holding – 
Firing (c) Firing/Holding – Holding, (d) Mop-up - Firing, (e) Mop-up – Holding  
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Personal PAH Concentrations - Wildland Fire  
 
A total of 28 actively sampled XAD4 coated filters and 21 XAD-2 sorbent tubes were collected 
at wildland fires. Participants sampled at wildland fires mostly constructed fire line (8) and 
performed mop-up (8) and holding (5). Personal job task samples had mean sampling times that 
ranged from 186 to 778 minutes (Table 3.2). All samples were corrected by field blanks for each 
PAH with the correction ranging from 0.05 ng to 37 ng. PAHs with 2, 3 or 4 fused benzene rings 
were consistently detected above the LQ, with the percent detected ranging from 75% to 100%. 
PAHs with 5 or 6 fused benzene rings were detected in only 29% to 75% of samples collected. 
Breakthrough on filters was detected for ACY, ACE, FLU, PHE, ANT, FLT, (all 3 ring PAHs) 
and PYR (a 4 ring PAH), which indicates that those samples could have been an underestimation 
of the true concentration.  
 
During wildland firefighting, S15 PAH mean concentration was 586 ng m-3 and ranged from 88 
ng m-3 to 7925 ng m-3. When comparing GM concentration by molecular weight, NAP was 
highest 3189 ng m-3 followed by S3 ring PAHs (429 ng m-3), S4 ring PAH (90 ng m-3) and S5-6 
ring PAH (38 ng m-3) molecular weight PAHs. NAP and RET had the highest GM concentration 
of all PAHs detected, 3189 ng m-3 and 3,641 ng m-3 respectively. RET was the highest single 
measured PAH (24,562 ng m-3). PHE was also detected at elevated concentrations (GM = 210 ng 
m-3) followed by FLU (GM = 77 ng m-3) and ACY (GM = 72 ng m-3).  
 
Firefighters were exposed to different concentrations of PAHs based on their job task (Figure 
3.2). Firefighters performing holding, patrol, and staging tasks often had higher measured 
concentrations of PAHs compared to firefighters performing fire line construction, firing, and 
mop-up tasks. NAP was consistently the highest measured PAH across all job tasks, and had a 
median concentration of 8358 ng m-3 and 3946 ng m-3 for holding and patrol tasks respectively 
and a measured concentration of 6258 ng m-3 staging. Firefighters performing holding and patrol 
tasks were exposed to elevated levels of benzo[a]pyrene compared to other job tasks. When 
compared by job task, holding had the highest median for S15 PAH of 322 ng m-3, ranging from 
182 to 7935 ng m-3 . Not including NAP and RET concentrations, firefighters performing engine 
operator, holding, mop-up, patrol, and staging duties were predominantly exposed to PHE. 
Firefighters performing firing operations were predominately exposed to FLU when compared to 
the other 15 PAHs. Across all job tasks, the 3 ring PAHs had higher concentrations compared to 
the 4 ring and 5-6 ring PAHs.   
 
ANOVA tests between job tasks and PAH concentration demonstrated statistically significant 
differences in exposure to BBF, BKF, BAP, ICP, and BGP by job tasks performed at wildland 
fires. Firefighters performing holding had significantly higher exposures, medians ranging from 
24 to 52 ng m-3 compared to mop-up, medians were all at the limit of quantification. 
Additionally, firefighters performing mop-up (median = 2.5 ng m-3) compared to patrol (median 
= 24 ng m-3) had statistically significant lower exposure to BAP. There were no differences in 
exposure to any PAHs associated with chainsaw use.  
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Figure 3.2: Comparison of PAHs by Job Task at Wildland Fires  

 
 
 
 
*For clarity in graphical representation, large outliers have been removed for acenaphthene (142 and 1094 ng m-3), anthracene (550 ng m-3), and 
pyrene (2375 ng m-3) 
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*For clarity in graphical representation, large outliers have been removed for acenaphthene (142 and 1094 ng m-3), anthracene (550 ng m-3), and 

pyrene (2375 ng m-3) 
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*For clarity in graphical representation, large outliers have been removed for acenaphthene (142 and 1094 ng m-3), anthracene (550 ng m-3), and 

pyrene (2375 ng m-3) 
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Significant differences between paired means of the following job tasks: (a) Holding and Mop-up and (b) Mop-up and Patrol 
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Significant differences between paired means of the following job tasks: (a) Holding and Mop-up and (b) Mop-up and Patrol 
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Significant differences between paired means of the following job tasks: (a) Holding and Mop-up and (b) Mop-up and Patrol 
 

PA
H

 C
on

ce
nt

ra
tio

n 
(n

g 
m

-3
) 

          EO          FL        FR        HD       MU        PT        ST 

                                   
          Engine  Fire Line Firing  Holding  Mop-up  Patrol  Staging  
         Operator 



 

 46 

Community PAH and PM2.5 Concentrations  
 
Community-level PAH air samples were collected day and night (approximately 12-hr samples) 
for the first 12 days of the Willow Fire (N=23).  All samples were corrected by field blanks for 
PAH with the correction ranging from 0.04 ng to 18 ng. The median of the field blank correction 
used was 0.6 ng with NAP and FLU having the highest field blank correction of 18 ng and 16 ng, 
respectively.  Sample breakthrough was tested for 25% of the samples; no breakthrough was 
found, consequently for all XAD4 filters and XAD2 sorbent tubes the front and back sections of 
each were analyzed together. NAP was detected in 100% of XAD2 sorbent tube samples. PAHs 
with 3 to 4 fused benzene rings varied in detection frequency from 4% to 78% of XAD4 filters. 
PAHs with 5 or 6 fused benzene rings were detected in only 4 % to 13% of filter samples 
collected. 
 
The GMs for S3ring PAH and S5-6 ring PAH were both 14 ng m-3  and contributed equally to 
the S15 PAH GM of 42 ng m-3compared to the GM for S4ring PAH (10 ng m-3). The GMs of the 
highest concentration of PAHs measured were 286 ng m-3 and 15 ng m-3 for naphthalene and 
retene, respectively. Naphthalene concentrations ranged from less than 4 ng m-3 to 5073 ng m-3 

and retene ranged from less than 4 to 286 ng m-3. All other PAH analytes had GMs that ranged 
from 1 to 5 ng m-3. 12-hr average PM2.5 concentrations measured in North Fork ranged from 0 to 
105 µg m-3 and had a GM of 23 µg m-3. Pearson product-moment correlation coefficient between 
area-level S15 PAH and PM2.5 (r = 0.16) did not show good correlation between concentrations 
of the two air contaminants.  
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Figure 3.3: Community-Level Exposure of S15 PAH and PM2.5 at North Fork Monitoring 
Site during the Willow Fire during the Day and Night. 
 

 
 
 
Figure 3.3 presents 12-hr integrated S15 PAH concentrations compared with 12-hr average 
concentration of PM2.5 for day and night exposures in North Fork, Ca near the Willow Fire ICB. 
PM2.5 concentrations as measured by the EBAM monitor were elevated during the day (GM = 49 
µg m-3) compared to night (GM = 12 µg m-3) concentrations. S15 PAH concentrations were 
elevated during the day on July 27 (111 ng m-3) and August 1 (194 ng m-3) and were below 56 ng 
m-3 all other sampling days. In addition, S15 PAH concentrations were elevated during the night 
on July 30, when firefighters performed a firing operations where they intentionally burned fuel 
to contain the fire. Generally, there was not a strong trend between PM2.5 and S15 PAH 
concentrations; however, at night PM2.5 and S15 PAH were often similar.  
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Figure 3.4: Naphthalene, Retene, and S15 PAH Concentrations by Sampling Event 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 highlights the distributions of NAP and RET, the highest measured PAHs, and S15 
PAH between the four different sampling events. Prescribed fire and community sampling events 
had similar measured concentrations. Samples collected at the Rough Fire had the highest 
concentrations and most varied distributions of NAP, RET, and S15 PAH. Few concentrations 
measured at prescribed fire sampling events were comparable to concentrations measured at 
wildland fire sampling events.  
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3.4 Discussion  
 
Our study objectives were to quantify (1) personal exposures to PAHs of firefighters exposed to 
smoke at wildland and prescribed fires as well as off-duty at base camps and (2) community 
exposures. Generally, firefighters working at both wildland and prescribed fires categorized their 
smoke exposure as mild to moderate. We detected measurable concentrations of 17 PAHs in 
personal samples on firefighters at prescribed and wildland fires and in area samples at a 
community nearby a wildland fire. NAP, RET, and PHE were consistently the highest measured 
PAHs at all three sampling scenarios. Lower molecular weight PAHs (S3ring PAH) were 2.5 to 
11 times higher compared to S4 and S5-6 ring PAHs and contributed the most mass to the S15 
PAH metric at wildland and prescribed fires.  
 
Our measured concentrations of PAHs were consistent with those reported by Materna et al. for 
12 particle-phase PAHs (4 – 257 ng m-3).117,126 However, the PAH concentrations measured by 
Reh et al. in Yosemite National Park (range 600 – 35,900 ng m-3) were higher than our measured 
GMs and were closer to our measured maximum concentrations. Participants of that study were 
from two Type 1 crews (N=5) and performed firing, holding, and mop-up tasks. Robinson et al. 
evaluated PAH exposure at prescribed burning of piles, where debris is piled together and 
burned, and were able to detect only NAP, FLU, and PHE concentrations between <440 – 8100 
ng m-3. These values are consistent with the concentrations we measured at prescribed fires with 
their minimum concentrations being slightly higher, due to their higher limits of detection (400 – 
14000 ng m-3). NIOSH has a recommended exposure limit for naphthalene (50 mg m-3) and for 
coal-tar pitch volatiles (0.1 mg m-3), which includes ANT, BAP, CHR, PHE, and PYR.127 
Although we did not calculate 8-hour time weighted averages across work shifts, these standards 
are orders of magnitude larger than the concentrations we measured for wildland firefighters.  
 
To our knowledge, this is the only study that has quantified PAH concentrations by job tasks that 
are performed by wildland firefighters. Of the job tasks that were sampled, holding and patrol at 
wildland fires and firing/holding at prescribed fires consistently had the highest measured 
concentrations of PAHs. Holding often involves standing in high smoke situations to ensure that 
the fire does not spread outside of containment lines. While firefighters performing firing 
operations can be exposed to PAHs from the smoke from the fire they are igniting, the task also 
involves the combusting of a diesel/gasoline fuel mixture. Additionally, we found significant 
differences in exposure by job tasks for several of the higher weight PAHs, many of which are or 
are potentially carcinogenic. Although there is no existing literature examining PAH 
concentrations by job tasks, there have been exposure assessments quantifying wildland 
firefighter exposure to respirable particulate matter, which can contain PAHs.8 Reinhardt and 
Ottmar reported highest exposures of respirable particulate matter at prescribed fires for 
firefighters holding and containing escaped fires (attack) and holding and mop-up at wildland 
fires. 128,129  
 
Compared to structural firefighters performing overhaul, a task similar to mop-up, wildland 
firefighters had lower PAH concentrations. Baxter et al. sampled five firefighters performing 
overhaul and reported NAP, ACY and benzofluoranthene (b-,j-, and k- isomer mixture) ranges of 
2,440 – 89,910 ng m-3, 1,320 – 8040 ng m-3, and 7,300 – 23,300 ng m-3, respectively.130 These 
ranges were significantly higher than the ranges we reported for NAP (<4 – 2,1439 ng m-3), ACE 
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ACY (<1 – 992 ng m-3), BBF (<1 – 87 ng m-3), and BKF (<3 – 79 ng m-3) at both wildland and 
prescribed fires. However, our study detected measurable levels of other PAHs, including many 
carcinogenic PAHs.  

Although, we did not observe any differences in PAH exposure associated with chainsaw use, 
Neri et al. characterized personal PAH exposure by total (19 PAHs, including NAP) and 
carcinogenic (10 4-6 ring PAHs) exposure of forest workers operating chainsaws.131 The authors 
determined the GMs of total and carcinogenic PAHs for forest workers were 1468 and 13 ng m-3, 
respectively. To compare our exposure estimates, we summed naphthalene with S15 PAH to 
compare total PAH and 4, 5, and 6 ring PAHs (8 PAHs) to compare with carcinogenic PAHs.  
Total PAH exposures among wildland firefighters (GM = 2568 ng m-3) was significantly higher 
than that of forest workers, while PAH exposure at prescribed fires was similar to forest workers 
(GM = 1466 ng m-3). GMs for carcinogenic PAHs at wildland fires (GM = 66 ng m-3) and 
prescribed fires (GM = 44 ng m-3) were 5 and 3-fold higher compared to forest workers. 
Chainsaw use can be a source of PAH exposure, however, exposures experienced by firefighters 
at wildland fires were significantly higher.  
 
In our study, firefighters working on wildland fires were exposed to higher concentrations of 
PAHs compared to the firefighters working on prescribed burns. Previous exposure assessment 
studies of firefighter exposure to CO and PM2.5, however, have reported that firefighters are 
more exposed to CO and PM2.5 at prescribed fires compared to wildland fires.126,128,129 Since 
prescribed fires involve fire that is controlled and less intense compared to wildland fires, 
firefighters often spend more time closer to the active fire and can be exposed to more smoke. 
On the other hand, the number of acres burned is generally lower at prescribed fires compared to 
wildland fires with less PAHs emitted into the environment. One finding of our study was the 
difference in PAH concentrations during the different sampling events. Samples collected at the 
Rough Fire had higher concentrations compared to the Willow Fire or any prescribed fire. This 
difference could be due to the fire size and possible temperature inversions, since all firefighter 
samples collected at the Rough Fire were during the night-shift. Temperature inversions often 
occur at night near wildland fires which lowers the mixing layer and increases concentrations of 
air pollutants.132 Compared to the Willow Fire, in which total acres burned were 5,702 acres, the 
Rough Fire grew from 79,973 to 85,894 acres during our sampling campaign.120,121 This 
significantly larger area of land burning and night-time temperature inversions may have 
contributed to the increase of PAH concentrations in the ambient environment at the Rough Fire, 
which would have led to an increase in firefighter PAH exposure.  
 
The area PAH concentrations measured near the Willow Fire indicated that firefighters were 
additionally exposed to PAHs while off-duty. Previously, NIOSH reported NAP (Mean = 3,375 
ng m-3), ACE (Mean = 1,042 ng m-3), and FLU (Mean = 594 ng m-3) exposure at three ICBs 
(N=9) during the day at the 1988 Yellowstone Fires. These concentrations are notably higher 
than the concentrations of NAP, ACE, and FLU we measured. This difference could be due to 
the numerous fires burning a large amount of acreage at that time in Yellowstone National Park. 
In total, 793,880 acres were burned during the 1988 fire season, which included 160,000 acres 
burning in one day during the sampling period.133 McNamara et al. sampled 1-min time-
weighted averages of PM2.5 at three ICBs in California, Oregon, and Washington and reported 
daily means ranging from 9 to 41 µg m-3 and night-time means (11 to 44 µg m-3) that were 
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higher than day- time means (5-37 µg m-3).125 The 24-hr mean PM2.5 for our study period was 23 
µg m-3 and is within the range of daily mean concentrations reported by these authors. However, 
we observed higher 12-hr mean PM2.5 concentrations during the day time (19-105 µg m-3) 
compared to the night time (7-24 µg m-3). The higher night-time concentrations observed by 
McNamara et al. could be due to the increased vehicle traffic when firefighters return to camp 
(vehicle emissions and road dust) and generator use at ICBs. Since our monitor was located 
slightly away from the ICB, it would have not measured these additional sources of PM2.5. In 
addition, monitor location, fire activity, and metrological conditions can affect PM2.5 
concentrations near wildland fires.  
 
Compared to ambient concentrations of PAHs in the regional nearby urban areas of Fresno and 
Bakersfield, CA, the concentrations of ambient PAHs near the Willow Fire ICB were generally 
higher.  A previous exposure assessment in central Fresno measured 24-hr PAH concentrations 
at a regulatory monitoring station from April 2001 to March 2003 with a median concentration 
for NAP of 228 ng m-3 and median ranges of 0.02 – 6 ng m-3, 0.2 – 0.96 ng m-3, and 0.07 – 0.6 ng 
m-3 for 3-ring PAHs, 4-ring PAHs, and 5-6 ring PAHs, respectively.124 NAP, PHE, PYR, and 
FLU had median concentrations that were similar to GMs that we measured in North Fork. 
However, GM concentration of the 5-6 ring PAHs near the Willow Fire ICB were significantly 
higher than median concentrations in Fresno. For example, GM concentrations for DBA, BKF, 
and BAP were 42, 12, and 7- fold higher, respectively near the Willow Fire ICB. Additionally, 
Noth et al. reported four 96-hr mean concentrations of the sum of 10 PAHs (4-6 ring PAHs) from 
14 locations in Bakersfield that ranged from 1.5 to 7.7 ng m-3.122 The sum of 10 PAHs measured 
during the Willow Fire (26.6 ng m-3) was significantly higher compared to concentrations 
measured during the wintertime in Bakersfield. Although the sources of PAHs are different in 
these urban areas, the measured concentrations demonstrate that PAHs from wildland fires can 
lead to significantly higher concentrations of PAHs in the ambient environment.  
 
Our results add to the literature quantifying wildland firefighter exposures to air contaminants 
from smoke; however, there are some limitations that should be considered when interpreting our 
results. Our study sampled only a small number of firefighters at two wildland fires (N=21) and 
prescribed fires (N=4). Because of the low sample size, it is difficult to examine differences in 
variability among the PAHs measured and the job task samples that we collected. Firefighters 
sampled at prescribed fires were participating in a training event, and we assumed that this would 
be representative of job tasks performed at prescribed fires. During personal sampling at 
wildland fires, we detected breakthrough at a high frequency (18% - 64% of samples) that led to 
an underestimation of firefighter exposure to 3-ring PAHs. We sampled only in California, in 
similar mixed-conifer forests. In the future, we would like to measure exposures in different 
geographic regions, as PM2.5 has been shown to vary by fire and fuel type.134  
 
Past exposure assessments of wildland firefighters have focused on measuring PM2.5 and CO 
exposure. In addition, researchers have examined correlations between CO, easily measured with 
lightweight real-time sensors, and various air pollutants.110,128,129 Reinhardt and Ottmar observed 
strong correlations (r2 = 0.63-0.82) between CO and acrolein, benzene, formaldehyde, and 
respirable particles at prescribed fires.129  Future exposure assessments of wildland firefighters 
could explore the relationship of PAH and CO exposure, and examine the possibility of 
predicting PAH exposure from CO monitoring data. Additionally, urinary biomarkers of PAH 
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could be used to assess exposure and resulting internal dose for wildland firefighters. A recent 
study by Adetona et al. observed significantly higher concentrations of nine hydroxylated 
metabolites of PAHs in wildland firefighters after their work shift at a prescribed burn.  
 
3.5 Conclusion  
 
Our study demonstrates that although concentrations do not exceed current occupational 
exposure limits, wildland firefighters are exposed to PAHs not only on the fire line at wildland 
fires, but also while working prescribed burns and while off-duty. PAH concentrations were 
highest for wildland firefighters during job tasks that involve the most direct contact with smoke 
near an actively burning wildland fire. Characterizing exposures from wildland fires is important 
to better understand any potential long or short-term health effects, especially since wearing 
respiratory protection is not feasible for wildland firefighters due to their extreme work 
conditions.   
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CHAPTER 4 - PREDICTORS OF URINARY POLYCYCLIC AROMATIC 
HYDROCARBON CONCENTRATIONS IN THE NATIONAL HEALTH AND 
NUTRITION EXAMINATION SURVEY 2001-2006 
 
4.1 Introduction  
 
Polycyclic aromatic hydrocarbons (PAHs) are hazardous air pollutants formed during incomplete 
combustion and are detected in food, air, and soil.34 PAHs exist in the environment in both the 
gaseous and particulate phase. The United States Environmental Protection Agency has included 
16 PAHs on its list of hazardous air pollutants.37  Many PAHs are semi-volatile compounds that 
partition between the vapor phase and particle phase and can adsorb to atmospheric particulate 
matter (PM). PAH exposure often originates from the inhalation of cigarette smoke and polluted 
air from sources that include wildland fires, residential wood burning, waste incineration, and 
vehicle exhaust. PAHs can also be found in food through direct contamination from 
environmental and industrial sources, through preservation and processing procedures, and from 
grilling food.35,36  
 
PAHs readily enters the human body through inhalation and ingestion and can be detected in 
urine as hydroxylated (OH) metabolites. Once inhaled or ingested, PAHs are metabolized 
primarily to hydroxy-PAH (OH-PAH) compounds; these compounds are biomarkers of exposure 
to the corresponding PAH parent-compounds.135  The metabolism and excretion process typically 
happens very quickly.  For example, the half-life of pyrene is reported to be 3.9 hours and 2.5-
6.1 hours for 9 other PAH biomarkers.136 This means that urinary concentrations of these 
metabolites reflect exposure to PAH compounds from the previous few days. The International 
Agency for Research on Cancer has listed benz[a]anthracene, dibenzo[a,h]anthracene, and 
benzo[a]pyrene as probable human carcinogens and benzo[b]fluoranthene, benzo[j]fluoranthene, 
benzo[k]fluoranthene, chrysene, and naphthalene as possible human carcinogens.40,41 Exposure to 
PAHs also has been associated with lowered pulmonary and immune function and 
cardiopulmonary mortality.34,45,137  
  
Traditional methods for assessing human exposure to PAHs have included biomonitoring and 
personal air sampling. Modeling has been used to characterize personal particle-bound PAH 
(PB-PAH) exposure. Aquilina et al. 2010 utilized time-activity information and measured PAH 
concentrations in microenvironments to explain 25%-45% of the variability in airborne pyrene 
concentrations. Wu et al. 2012 developed models to estimate personal concentrations of airborne 
particle-bound PAHs (PB-PAH) using location time activity, traffic activity, and questionnaire 
information. The researchers were able to explain 58% of the variability in personal daily 
exposure for PB-PAH, with the major predictors of exposure being time in vehicle, traffic count, 
and work-related exposures.138  
 
The National Health and Nutritional Examination Survey (NHANES) is an extensive cross-
sectional biomonitoring study conducted by the Centers for Disease Control’s National Center 
for Health Statistics (NCHS). NHANES is a complex probabilistic survey that is representative 
of the non-institutionalized population of the United States. The survey assesses each 
participant’s health, nutritional status, and for a subset of survey participants, the body burden of 
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many different chemicals, including 4 PAHs - naphthalene, fluorene, phenanthrene, and 
pyrene.139–141  
 
Biomonitoring provides a direct way to measure human exposure to environmental 
contaminants. However, these data do not reveal how various exposure routes or media 
contribute to the body burden of a specific chemical. The objective of this study was to evaluate 
predictors of urinary PAH concentrations in 2001–2006 NHANES participants from a variety of 
sources including demographic information, food intake, housing characteristics, and modeled 
outdoor air pollutant exposures.  
 
4.2 Methods  
 
4.2.1 Study Population  
 
The study population consisted of adult individuals (age ³ 20 years old) who participated in the 
NHANES survey. Interviews and questionnaires were used to obtain information on 
demographics, socioeconomic status, dietary intake, and household information. Next, 
participants completed a physical examination at a mobile examination center where they had 
their blood and urine collected for laboratory analysis, including chemical analysis. In a 
subsample of one-third of the total participants, NHANES measured 8 urinary monohydroxy-
PAH metabolites (ng/l) which included: 1-hydroxy-naphthalene, 2-hydroxy-naphthalene, 3-
hydroxy-fluorene, 2-hydroxy-fluorene, 3-hydroxy-phenanthrene, 1-hydroxy-phenanthrene, 2-
hydroxy-phenanthrene, and 1-hydroxy-pyrene.139–141 To quantify OH-PAHs urine samples 
undergo enzymatic hydrolysis of the urine, followed by solid-phase extraction and are analyzed 
using capillary gas chromatography combined with high-resolution mass spectrometry.39 
Concentrations that were below the limit of detection were replaced with the detection limit 
divided by the square root of two.139 Biomarker concentrations were adjusted for urine dilution 
by dividing each OH-PAH concentration by urinary-creatinine levels (mg/dL). Next, OH-PAHs 
were summed by their parent compound to create four PAH metabolite outcome variables - 
naphthalene (UNAP), fluorene (UFLU), phenanthrene (UPHE), and pyrene (UPYR) (hereafter 
referred to as PAH biomarkers). In addition, because the PAHs had log-normal distributions, the 
natural log of each PAH metabolite was used in the statistical analysis.  
 
Information on demographic, socioeconomics, smoking status, and possible PAH exposure from 
indoor sources and food intake was obtained from NHANES questionnaire data. In the statistical 
analysis we included information on gender, age, education level, poverty status, and 
race/ethnicity categorized as Hispanic, non-Hispanic white and non-Hispanic black. Smoking 
information was used to categorize NHANES participants as non-smokers, ever smokers, current 
smokers, and smoker in the home.  Dietary recall (24-hr) data was used to determine individual 
intake (yes/no) of 21 different foods associated with PAH contamination.35,142 We also included 
the time of the exam session (morning, afternoon, evening) to account for differences in 
exposure to and metabolizing of PAHs throughout the day. List of candidate variables that were 
considered for statistical analysis can be found in Appendix Table A.3. All of this information is 
publicly available from NCHS. However, since we linked NHANES participants with air 
pollution data, our analysis was approved and completed at a CDC Research Data Center.  
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4.2.2 Exposure Data Sources  
 
Many PAHs are semi-volatile compounds that adsorb onto atmospheric particulate matter (PM), 
so PM can reflect the overall PAH concentration in the atmosphere. Ambient PAH levels can be 
associated with ambient PM levels even though the latter are not necessarily good predictors of 
actual PAH levels 143 Ambient PM can reflect the overall PAH concentration if they both have 
similar combustion sources, an assumption we made to complete this analysis. To examine the 
relationship between ambient air pollution exposures on biomarker concentrations, each 
individual NHANES participant was assigned to his/her 2-day moving average for PM2.5 the day 
before and day of the NHANES examination. PM2.5 exposure estimates were generated through a 
hierarchical-Bayesian (HB) modeling approach that was developed as a result of a collaboration 
between the U.S. Environmental Protection Agency (EPA) and the CDC Environmental Public 
Health Tracking Network. Daily 24-hr mean PM2.5 concentrations (HB PM) were created by 
combining PM2.5 monitoring data from the US EPA Federal Reference Method and numerical 
model output from the Community Multi-Scale Air Quality in a Bayesian framework.144 HB PM 
concentration estimates were provided as a 36 x 36 km grid across the United States for each day 
of the year for 2001 – 2006.145 To assign exposure estimates to each NHANES participant, the 
geographic center of each census tract in the United States was assigned to the HB PM estimate 
from the corresponding 36 x 36km grid.  
 
Temperature can also play a role in the atmospheric degradation of PAHs and ambient 
concentrations of PAHs have been shown to vary by season, with higher concentrations of PAHs 
observed in the winter.146 Daily temperature was obtained from the global surface summary of 
day (GSOD) dataset from NOAA’s National Climatic Data Center. 24-hour daily means were 
calculated from the hourly GSOD temperature data. GSOD temperature data were included in 
the analysis if there were more than 19 hours of data per 24-hour period and if the GSOD station 
had 302 days out of the year. Each census tract was assigned a temperature value from the 
nearest weather station and a 2-day moving average was calculated for each day across each 
census tract to be assigned to each NHANES participant based on the date of his/her NHANES 
examination.   
 
In addition, we used ambient total concentrations of PAH-particulate organic matter (PAHPOM), 
diesel exhaust, and naphthalene the US EPA National Air Toxic Assessment (NATA) for 2002 
and 2005.147 The following seven PAHs are classified as PAHPOM: benzo[a]pyrene, 
benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
dibenz[a,h]anthracene, and indeno[1,2,3-cd]pyrene.148 The outdoor ambient total concentrations 
are estimated at the census-tract level using National Emissions Inventory data, which include 
major stationary, area, and mobile sources of hazardous air pollutants.  Emission data are next 
input into the Assessment System for Population Exposure Nationwide model (ASPEN) and the 
Human Exposure Model (HEM). Both models incorporate atmospheric dispersion models and 
meteorological data as well as other factors affecting the concentrations of air toxic compounds, 
e.g., rates and height of emission releases, pollutant breakdown properties, and pollutant release 
parameters (stack height, emission rates, exit velocity). The 2002 NATA data was created by 
inputting area, on-road and non-road mobile emission sources into the ASPEN model and major 
emission sources into the HEM model. The 2005 NATA data was created by inputting area 
emission sources into the ASPEN model and major on-road and non-road mobile emission 
sources in the HEM model. 149–151 Because the NATA data were log-normally distributed, the 
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natural log of each NATA exposure term (total ambient concentration) was used in the statistical 
analysis.  
 
 
4.2.3 Exposure Assignment   
 
Each NHANES participant who had measured levels of urinary metabolite levels was assigned 
exposure variables based on the census tract of residence and date of the NHANES exam. PM2.5 
concentrations and temperature were assigned based on the date of NHANES examination, 
which accounted for exposures the day before and day of each participant’s exam. NATA total 
ambient concentrations were assigned based on the census tract of residence of each participant. 
Due to confidentiality rules, NHANES data were linked to all exposure variables by the NCHS 
Research data center. The researchers did not have any knowledge on where the NHANES 
participants lived. As a result, the researchers prepared data for the entire contiguous United 
States.  
  
4.2.4 Statistical Analysis  
 
First, calculated descriptive statistics for PAH biomarker and exposure variable such as the 
geometric mean and geometric standard deviation and the 5th, 50th, and 95th percentile of each 
distribution (Table 4.1 and 4.2).  We then compared PAH biomarker geometric means across 
covariate categories from the NHANES dataset and compared differences in means by t-tests 
(Table 4.3).  We tested different regression models to evaluate associations between different 
exposure estimates and PAH biomarkers and chose the best predictors for each PAH biomarker 
(Figure 4.1). Next, we compared each single exposure variable (PM2.5, temperature, NATA total 
ambient concentrations) to each PAH biomarker (dependent variable) in a bivariate analysis 
(model 1). Next, we used the public-use NHANES data and selected variables for multivariate 
linear regression models (MLRMs) to predict PAH biomarker concentrations (model 2). The 
dietary variables that were considered (see appendix Table 4.1) had all been noted in previous 
studies.  Variables were selected and models were developed with the 
Deletion/Substitution/Addition (DSA) algorithm package in R Statistics. DSA is an aggressive 
model search algorithm that uses three steps: 1) a deletion step which deletes a covariate from 
the model, 2) a substitution step that switches one covariate with another, and 3) an addition step 
which adds a covariate to the model tested. DSA generates polynomial generalized linear 
models and includes a cross-validation step. Cross validation is achieved by randomly splitting 
the datasets into 10 subsets,  creating the MLRMs on 9 of the 10 sets, and comparing the 
predicted and measured PAH metabolites on the remaining set of the data (validation set).152–154 
For each PAH biomarker, the DSA was run 10 times with a different random seed number each 
time. The same model had to be selected for all 10 runs to be selected as the final model. If not, 
the DSA was run for an additional 10 runs (again with different random seeds used for each run) 
to find a final model that was consistently selected for 10 runs. The DSA algorithm was directed 
to include an intercept term, no interaction terms (for ease of interpretation) and allowed 
polynomial terms raised up to the power of 3.   

Finally, we evaluated the predictive power of including each single exposure variable into the 
DSA models (model 3). We forced each exposure variable one at a time into each DSA model 
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because we were unable to use the DSA algorithm at the NCHS RDC. Because cigarette 
smoking was highly associated with all PAH biomarkers, we stratified the analysis by current 
smoking status and tested current smoking status as an exposure variable. All descriptive 
statistics and regression models were calculated with SAS (version 9.1) survey procedures 
(PROC SURVEYMEANS and PROC SURVEYREG) to account for individual survey sampling 
weights. For all analyses, means and regression estimates were considered to be statistically 
significant if p<0.05. Model fit was assessed by coefficient of determination (R2).  

We used SAS 9.1 for all data cleaning and regression analysis, R v. 3.1.0 to run the DSA 
algorithm and ArcGIS 10.2 for spatial data processing and exposure assignment.95–97 
 
4.3 Results 
 
4.3.1 Descriptive Analysis  
 
Our analysis included approximately 4,300 adult NHANES participants and 3,300 non-smoking 
adult NHANES participants; the number varied slightly by PAH biomarker outcome. All OH-
PAH biomarkers were consistently detected in participants’ urine samples, detection rates ranged 
from 95% to 100%. The sum of the metabolites of naphthalene was the highest detected PAH 
biomarker with a GM of 6571 ng/g creatinine in all adult participants and a GM of 4649 ng/g 
creatinine in non-smoking adult participants. The GMs of summed fluorine metabolites and 
summed phenanthrene metabolites were detected at similar concentrations in all adult (UFLU: 
454 ng/g creatinine; UPHE 498 ng/g creatinine) and non-smoking adults (UFLU: 296 ng/g 
creatinine; UPHE: 289 ng/g creatinine). Pyrene was the lowest detected PAH biomarker and had 
similar concentrations in all adult participants (GM: 66 ng/g creatinine) and non-smoking adults 
(GM: 53 ng/g creatinine). Adult NHANES participants had a mean exposure of PM2.5 of 11 µg m-

3  and experienced a mean temperature of 62 °F the day before and day of their examination. 
Annual ambient air concentrations were highest for diesel particulate matter, followed by 
naphthalene and PAH POM. Ambient concentrations of naphthalene and PAH POM remained 
similar between the 2002 and 2005 assessment, while the concentration of diesel particulate 
matter decreased by 45% from 756.8 to 346.4 ng m-3.  
 
Table 4.1 – Descriptive Statistics of PAH biomarkers in urine adjusted for creatinine in 
NHANES 2001-2006 participants 
 

Parent PAH 
Metabolite 

(ng/g creatinine) 

All Adults Non-Smoking 
Adults Percent > LODa 

(range) N GM 
(GSD) N GM 

(GSD) 
Naphthalene 4339 6571 (3.2) 3356 4649 (2.8) 100 (99-100) 

Fluorene 4303 454 (2.9) 3324 296 (2.2) 99.7 (99-100 
Phenanthrene 4241 498 (2.4) 3271 286 (2.4) 99 (95-100) 

Pyrene 4316 66 (2.8) 3329 53 (2.5) 99.1 (98-100) 
a Percent > LOD is the average % of samples above the LOD over each individual metabolite of the parent PA and 
the range of across the survey years 
GM – Geometric Mean; GSD – Geometric Standard Deviation 
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Table 4.2 – Descriptive Statistics of Exposure Variables matched to all adult NHANES 
participants 
 

a. PM2.5 and Apparent Temperature 2-Day Moving Average for 2001-2006 
 

Exposure Mean (95% CI) Percentile Variable 
Name 5th Median 95th  

PM2.5 (µg/m3) 11 (10.1,11.7) 3.7 9.2 23 PM2.5 
Temperature (°F)  62 (60.8,62.1) 50 61.6 77.6 Temp 

 
 

b. National Air Toxic Assessment Polycyclic Aromatic Hydrocarbon Particulate 
Organic Matter (PAH POM), Diesel Particulate Matter (Diesel PM), and 
Naphthalene Annual Exposure for 2002 and 2005 
 

Exposure (ng m-3) Year GM (95% CI) Percentile Variable 
Name 5th Median 95th 

PAH POM  
2002 

10.39 (8.4,12.8) 2.20 9.5 91.8 PAH POM 02 
Diesel PM 756.8 (675.6, 847.9) 262.6 839.4 2296.3 DPM 02 

Naphthalene  31.75 (25.6,38.5) 3.8 37.6 247.6 NAP 02 
PAH POM  

2005 
10.15 (8.14,12.6) 2.04 9.4 91.5 PAH POM 05 

Diesel PM 346.5 (273.1,436.2) 37.75 454.8 2373.6 DPM 05 
Naphthalene  36.52 (31.6. 41.6) NA NA NA NAP 05 

NA – Not Available  
GM – Geometric Mean; 95% CI – 95 percent Confidence Interval of geometric mean 

 
Table 4.3 presents the GM and significant differences of each PAH biomarker across time of day 
of NHANES exam, demographics, smoking status, housing characteristics, and selected food 
intake variables. UNAP concentrations were significantly higher for participants sampled in the 
afternoon, while UPHE rose through the day (participants sampled in the morning and evening 
had lower and higher UPHE concentrations respectively, relative to the afternoon). Gender 
differences were observed for UNAP, UFLU, and UPHE. Females had higher concentrations of 
UNAP and UPHE and lower concentrations of UFLU compared to male participants. Older 
adults (35 ≥ years), had significantly higher concentrations of UNAP and UPHE compared to 
younger adults (20 > 35 years). UNAP, UFLU, and UPHE concentrations were significantly 
lower among Hispanics. NHANES participants who did not graduate high school or were below 
the poverty line (poverty to income ratio < 1) had higher GM concentrations of all PAH 
biomarkers.  We observed significantly higher concentrations of all PAH biomarkers for 
individuals currently smoking cigarettes or who lived with a smoker in the home.  When 
comparing individual’s housing characteristics, UNAP, UFLU, and UPHE concentrations were 
higher for individuals living in mobile homes.  UNAP and UFLU concentrations were lower for 
individuals living in single family detached homes.  UPHE concentrations increased with 
increasing age of the home. UPHE concentrations were higher in homes that used well water. 
When comparing food ingested the day before the NHANES exam, individuals who ate meat and 
berries had higher concentrations of UNAP. Individuals who ate meat, fat and oils, and tomatoes 
had higher concentrations of UFLU, while only individuals who ate meat had higher 
concentrations of UPHE.  
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Table 4.3 Comparison of weighted geometric mean of biomarker concentrations across 
covariate categories selected by DSA algorithm in all adult NHANES participants 

  Concentration (ng/g creatinine)  
  Naphthalene Fluorene Phenanthrene Pyrene Variable Name 

(Range)   N GM (95% CI) GM (95% CI) GM (95% CI) GM (95% CI) 
Time of Exam           
Morning  2225 6465 (5959,7014) 443 (409,479) 318 (301,336) 69 (64,74) Morning (0/1) 
Afternoon  1671 7069 (6515,7670) 475 (433,521) 338 (318,359) 68 (63,74) Afternoon (0/1) 
Evening 683 6626 (5931,7403) 477 (424,536) 361 (334,391) 71 (64,79) Evening (0/1) 
Gender           
Male 2204 6135 (5664,6646) 480 (442,531) 318 (300,337) 70 (64,76) Male (0/1) Female 2375 7257 (6689,7872) 441 (408,476) 345 (327,363) 68 (63,74) 
Age Group           
20 > 35 years 1347 5990 (5429,6609) 441 (401,484) 298 (278,320) 72 (65,80) Age (20-85) 35 ≥ years 3232 7010 (6523,7534) 467 (433,504) 346 (331,362) 68 (64,72) 
Race/Ethnicity            
Hispanic  1069 5992 (5408,6639) 358 (328,390) 263 (246,281) 67 (63,73) Hispanic (0/1) 
Non-Hispanic White 2402 6732 (6211,7297) 479 (443,518) 353 (336,370) 69 (64,75) White (0/1) 
Non-Hispanic Black 930 6904 (6186,7297) 499 (450,553) 302 (272,335) 68 (60,76) Black (0/1) 
Education Level            
Non - High School 
graduate  1280 8379 (7408,9477) 554 (510,601) 358 (336,381) 81 (73,89) 

HS Grad (0/1) High School 
Graduate and Above 3294 6382 (5926,6873) 440 (411,472) 326 (311,341) 67 (62,72) 

Poverty Status 
Above Poverty 768 6468 (6056,6907) 438 (410,469) 326 (311,342) 66 (62,71) Above Poverty (0/1) In Poverty  3549 8955 (8024,9994) 647 (556,753) 377 (345,411) 94 (84,106) 
Smoking Status            
Non-smoker 2379 4452 (4042,4903) 290 (265,317) 278 (260,297) 52 (48,57) Ever Smoker (0/1) 
Former Smoker 2169 10140 (9442,10890) 743 (682,810) 398 (380,417) 92 (85,99) Former Smoker (0/1) 
Current Smoker 1030 20025 (18475,21705) 1732 (1865,1608) 518 (493,543) 151 (141,162) Current Smoker (0/1) 
Smoker in Home 907 16907 (15314,18665) 1490 (1374,1617) 524 (493,558) 143 (133,154) Home Smoker (0/1) 
Age of House            
£20 Years 427 5547 (4635,6638) 424 (359,502) 292 (257,331) 48 (40,58) 

 House Age   
(£ 20-70+) 

30 Years  477 6217 (4906,7878) 450 (356,570) 313 (277,354) 56 (45,71) 
40 Years 652 6022 (4939,7342) 429 (361,509) 327 (286,375) 58 (49,69) 
50 Years 345 5967 (4689,7593) 405 (338,486) 337 (293,386) 59 (50,70) 
60 Years  149 5497 (4078,7410) 507 (357,721) 348 (283,426) 62 (48,80) 
70+ years 391 5571 (4647,6678) 495 (421,581) 400 (368,435) 66 (57,75) 
Type of House            
Mobile home 371 10280 (7967,13262) 653 (566,755) 367 (338,398) 84 (72,98) Mobile House (0/1) 
Single-family 
detached 2809 6301 (5790,6858) 433 (396,474) 328 (310,348) 66 (61,72) Detached House (0/1) 

Single-family 
attached 381 7787 (6625,9153) 489 (421,567) 345 (299,398) 68 (59,79) Attached House (0/1) 

Apartment  939 6634 (5932,7419) 478 (427,535) 325 (299,353) 75 (69,81) Apartment (0/1) 
Other Housing  44 5657 (4193,7631) 504 (347,731) 352 (271,457) 75 (51,109) Other House (0/1) 
Home Water Source          
Water company 3937 6635 (6214,7084) 453 (422,487) 327 (312,342) 67 (63,72) City Water (0/1) 
Well Water 550 7041 (5999,8262) 498 (426,581) 362 (335,391) 79 (69,89) Well Water (0/1) 
Other Source 17 7282 (4257,12455) 479 (246,935) 340 (254,454) 86 (56,132) Other Water (0/1) 
Dietary Intake             

Meat Yes 2928 6993 (6513,7507) 496 (460,535) 348 (330,366) 73 (68,78) Meat Intake (0/1) No 1651 6181 (5678,6729) 400 (368,435) 304 (286,324) 62 (57,68) 

Tea Yes 1077 7181 (6533,7893) 446 (408,488) 346 (326,367) 69 (64,75) Tea Intake (0/1) No 3502 6535 (5765,7409) 464 (413,521) 327 (301,355) 69 (63,76) 
Fat and 
Oil 

Yes 2220 6404 (5976,6963) 429 (398,463) 329 (312,348) 63 (58,68) Oil Intake (0/1) No 2359 7015 (6397,7691) 493 (448,542) 334 (312,357) 76 (70,83) 

Tomato Yes 2030 6479 (6036,6955) 437 (408,467) 338 (322,355) 68 (63,73) Tomato (0/1) No 2549 6871 (6275,7524) 478 (440,520) 326 (307,346) 70 (65,75) 

Berry Yes 242 8550 (7010,10428) 441 (369,527) 353 (316,393) 68 (59,78) Berry Intake (0/1) No 4337 6585 (5322,8147) 461 (386,549) 330 (295,369) 69 (60,80) 
Bold – significant difference in mean  biomarker concentration (p < 0.05). 95% CI – 95 percent Confidence Interval of geometric mean 
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Figure 4.1 – Regression Models tested in All Adult NHANES and Non-Smoking Adults 
NHANES Participants 
 

 

 
4.3.2 DSA Model Selection Results  
 
Final models that were selected by the DSA algorithm for each PAH biomarker stratified by 
current smoking status are presented Figure 4.1. In the models that included all NHANES adult 
participants, current smokers and home smoke variables were included in every PAH biomarker 
model. Time of day of the exam was selected for UFLU and UPHE models in all adults and the 
UPHE model in non-smoking adults.  Demographic factors such as gender, age, and 
race/ethnicity were selected among many of the DSA models. Of the 21 different foods 
considered, the ingestion of meat, tea, fat and oils, tomatoes, and berries was selected for each of 
the models. For pyrene, after 20 DSA runs, there was no consistent model for the non-smoking 
adults.  

Model 1 - Single Exposure Model (Y = b1)
All Adults Non-Smoking Adults

Y                                    b1
UNAP                                       PM2.5

UFLU                                      Temp
UPHE                    PAHPOM 02, DPM 02, NAP 02
UPYR                    PAHPOM 05, DPM 05, NAP 05

Current Smoker

Model 2 - DSA Selected Model (b1+ b2......bx)
All Adults                                     Non-Smoking Adults

NAP = male + age + current smoke + house age3 + home 
smoker + berry intake

FLU = age + age2 + hispanic + above poverty + house age + 
home smoker + current smoker + meat intake + oil intake + 

evening
PHE = age + male + hispanic + above poverty + HS grad + 
city water + current smoker + home smoker + tea intake + 

morning 
PYR = age2 + male + city water + current smoker + home 

smoker + oil intake + meat intake

NAP = male + white + age 2+ house age3 + berry 
intake 

FLU = home smoker
PHE = age2 + male + hispanic + above poverty + 
well water + mobile home +  home smoker + tea 

intake + tomato intake + evening 
PYR = No Model Selected

Model 3 - Exposure + DSA Model (Y = b1 + DSA)
All Adults Non-Smoking Adults 

Y                              b1 + DSA
PM2.5 + DSA
Temp + DSA

UNAP                     PAHPOM 02 + DSA
UFLU                         DPM 02 + DSA
UPHE NAP 02 + DSA

UPYR                      PAHPOM 05 + DSA
DPM 05 + DSA
NAP 05 + DSA



 

 61 

 
4.3.3 Regression Analysis Results  
 
Bivariate regressions (model 1) indicated that PAH POM, diesel particulate and naphthalene 
from 2002, PAH POM from 2005, and PM2.5 exposures were not associated with any PAH 
biomarker in all or non-smoking adults. Total ambient air concentrations of naphthalene from 
2005 showed a significant relationship with UNAP (p = 0.03) and UFLU (p = 0.02) biomarkers, 
while diesel particulates from 2005 showed a significant association with UFLU (p = 0.02) and 
UPHE (p = 0.03) biomarkers. Temperature was associated with UFLU, UPHE, and UPYR 
biomarkers in all adults (p range <0.0001 – 0.04) and non-smoking adults (p range <0.0001 – 
0.03). Current smoking was highly correlated with all PAH biomarkers in all adults (p <0.0001). 
Additionally, current smoking status was able to explain 27%, 40%, 10%, and 20% of the 
variability in the UNAP, UFLU, UPHE, and UPYR biomarker concentrations respectively.    
  
The final Model 2 for each biomarker in all adults and non-smoking adults selected by DSA are 
presented in Table 4.5 with regression coefficients and model fit. In the multivariate models 
selected by the DSA (model 2), current smoking and home smoking were the strongest 
predictors of all PAH biomarker concentrations. NHANES participants who were above the 
poverty line had lower concentrations of UFLU in all adults and both UFLU and UPHE in non-
smoking adults.  In all adults, the multivariable models explained 36%, 51%, 14% and 23% of 
the variability in the UNAP, UFLU, UPHE, and UPYR biomarker concentrations respectively. In 
non-smoking adults, the multivariable models were able to explain only 5.2%, 1.7%, and 4% of 
the variability in the UNAP, UFLU, and UPHE biomarker concentrations respectively.    
 
Table 4.6 summarizes model 3 results. These results represent the DSA selected models with 
each single exposure variable forced into the model. Current smoking and home smoking were 
still the strongest predictors in these models. Exposure to 2005 annual ambient total PAH POM 
concentrations was positively associated (p = 0.05) with UNAP biomarker concentrations. In 
model 3 for UFLU, UPHE, and UPYR in all adults and UFLU and UPHE in non-smoking adults, 
temperature was positively associated with PAH biomarker concentrations. Although not 
significantly associated with biomarker concentrations, single exposures in model 3 for non-
smoking adults had increased parameter estimates compared to single exposures in model 3 for 
all adults. For all adults the inclusion of temperature in model 3 for UPHE increased model fit 
slightly and this model explained 16% of the variability of UPHE biomarker concentrations. In 
non-smoking adults including temperature in model 3 for UFLU increased model fit and was 
able to explain 3.7% of the variability of UFLU biomarker concentrations. Model 3 results for all 
adults were able to explain 36%, 52%, 14% and 23% of the variability in the UNAP, UFLU, 
UPHE, and UPYR biomarker concentrations, respectively, across all air pollutant exposures and 
temperature. In non-smoking adults, these models were able to explain only 5%, 2%, and 4% of 
the variability in the UNAP, UFLU, and UPHE biomarker concentrations, respectively, across all 
air pollutant exposures and temperature. 



 

 

Table 4.4 Regression results of Single Exposure Model for PAH Biomarkers – Model 1 – all units in log ng/g creatinine 
  

 Naphthalene Fluorene Phenanthrene Pyrene 
 Estimate 

(!) SE Pr > |t| R2 Estimate 
(!) SE Pr > |t| R2 Estimate 

(!) SE Pr > |t| R2 Estimate 
(!) SE Pr > |t| R2 

All NHANES Adults (N=4,300)) 
Intercept  8.80 0.06   6.11 0.06   5.77 0.04   4.16 0.06   
PM2.5 0.001 0.004 0.88 1.2E-05 0.002 0.00 0.70 8.5E-05 0.002 0.003 0.47 3.5E-04 0.01 0.004 0.22 1.2E-03 
Intercept  8.91 0.21   5.61 0.2   5.08 0.14   3.79 0.19   
Temperature 0.004 0.004 0.30 8.4E-04 0.008 0.003 0.01 5.1E-03 0.01 0.002 <.0001 1.9E-02 0.007 0.003 0.04 4.4E-03 
Intercept  8.66 0.12   6.14 0.10   5.90 0.10   4.06 0.19   
PAH POM 02 -0.03 0.03 0.21 1.6E-03 0.003 0.02 0.88 1.3E-05 0.02 0.02 0.32 9.8E-04 -0.04 0.04 0.36 2.0E-05 
Intercept  8.79 0.03   6.10 0.03   5.79 0.02   4.22 0.03   
DPM 02 -0.06 0.05 0.21 2.1E-03 -0.10 0.05 0.04 4.1E-03 -0.05 0.03 0.06 2.3E-03 -0.01 0.05 0.90 1.7E-03 
Intercept  8.76 0.11   6.00 0.10   5.72 0.07   4.22 0.10   
NAP 02 -0.01 0.03 0.61 2.5E-04 -0.04 0.03 0.15 2.1E-03 -0.02 0.02 0.20 8.5E-04 -0.004 0.02 0.87 3.1E-05 
Intercept  8.63 0.11   6.06 0.09   5.82 0.08   4.05 0.17   
PAH POM 05 -0.04 0.03 0.14 1.5E-03 -0.01 0.02 0.49 2.6E-04 0.004 0.02 0.84 3.0E-05 -0.04 0.04 0.27 3.7E-03 
Intercept  8.77 0.04   6.07 0.03   5.77 0.03   4.22 0.04   
DPM 05 -0.04 0.03 0.13 2.3E-03 -0.06 0.02 0.02 4.8E-03 -0.03 0.01 0.03 2.7E-03 -0.02 0.02 0.47 2.0E-05 
Intercept  8.56 0.10   5.84 0.11   5.69 0.07   4.13 0.10   
NAP 05 -0.07 0.03 0.03 4.3E-03 -0.09 0.04 0.02 7.0E-03 -0.03 0.02 0.10 1.9E-03 -0.03 0.03 0.25 1.1E-03 
Intercept 8.44 0.030   5.75 0.03   6.08 0.03   3.97 0.03   
Current Smoker 1.46 0.047 <.0001 0.27 1.73 0.04 <.0001 0.47 0.66 0.05 <.0001 0.1 1.05 0.04 <.0001 0.2 

Non-Smoking NHANES Adults (N=3,300 ) 
Intercept  8.39 0.06   5.61 0.05   5.58 0.05   3.87 0.07   
PM2.5 0.01 0.00 0.18 1.0E-03 0.01 0.00 0.06 3.0E-03 0.01 0.004 0.07 3.1E-03 0.01 0.005 0.10 3.2E-03 
Intercept  8.13 0.23   4.98 0.17   4.77 0.17   3.45 0.21   
Temperature 0.005 0.003 0.19 1.7E-03 0.01 0.002 0.0002 1.6E-02 0.01 0.003 <.0001 2.7E-02 0.01 0.003 0.03 6.5E-03 
Intercept  8.32 0.12   5.77 0.10   5.85 0.12   3.86 0.20   
PAH POM 02 -0.03 0.03 0.32 9.3E-04 0.02 0.02 0.45 7.3E-04 0.04 0.03 0.12 4.3E-03 -0.02 0.04 0.60 7.9E-04 
Intercept  8.45 0.03   5.67 0.02   5.65 0.03   3.97 0.03   
DPM 02 0.01 0.05 0.84 3.9E-05 -0.03 0.04 0.47 7.6E-04 -0.02 0.03 0.54 3.3E-04 0.03 0.05 0.52 7.1E-04 
Intercept  8.45 0.09   5.59 0.07   5.59 0.07   3.98 0.09   
NAP 02 0.00 0.03 0.96 3.1E-06 -0.03 0.02 0.18 2.2E-03 -0.02 0.02 0.37 8.8E-04 0.00 0.02 0.96 2.8E-06 
Intercept  8.31 0.11   5.67 0.09   5.74 0.10   3.81 0.19   
PAH POM 05 -0.03 0.03 0.25 1.2E-03 0.00 0.02 0.89 2.4E-05 0.02 0.02 0.40 8.7E-04 -0.03 0.04 0.39 2.1E-03 
Intercept  8.44 0.04   5.65 0.03   5.63 0.03   3.96 0.04   
DPM 05 -0.01 0.02 0.76 1.0E-04 -0.03 0.02 0.12 2.8E-03 -0.02 0.02 0.16 1.7E-03 -0.01 0.03 0.78 1.2E-04 
Intercept  8.38 0.09   5.56 0.10   5.64 0.08   3.98 0.11   
NAP 05 -0.02 0.03 0.52 3.4E-04 -0.04 0.03 0.25 2.7E-03 -0.01 0.02 0.84 4.6E-05 0.001 0.03 0.97 2.3E-06 
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Table 4.5 Regression Results of DSA Selected Covariates for PAH Biomarkers– Model 2 -
all units in log ng/g creatinine   

 
 
 
 
 
 
 
 
 

PAH Biomarker Variable  Estimate (!) SE Pr > |t| R2 
All NHANES Adults (N=4,300)) 

Naphthalene 

Intercept 8.00 0.07 <.0001 

0.4 

Current Smoker  1.30 0.09 <.0001 
House Age3 -4.0E-07 1.4E-07 0.003 
Age 0.01 0.001 <.0001 
Home Smoker 0.44 0.07 <.0001 
Male  -0.19 0.03 <.0001 
Berry Intake 0.35 0.11 0.003 

Fluorene 

Intercept 5.16 0.12 <.0001 

0.5 

Current Smoker  1.48 0.05 <.0001 
Home Smoker  0.48 0.05 <.0001 
Hispanic -0.21 0.05 <.0001 
Above Poverty -0.14 0.05 0.0065 
Age 0.02 0.005 <.0001 
Age2 -2.0E-04 4.4E-05 <.0001 
Meat Intake 0.13 0.03 0.0003 
Oil Intake -0.05 0.03 0.10 
Evening  0.14 0.05 0.005 

Phenanthrene 

Intercept 5.92 0.05 <.0001 

0.1 

Current Smoker  0.44 0.04 <.0001 
Home Smoker 0.27 0.05 <.0001 
Hispanic -0.25 0.04 <.0001 
Male -0.11 0.03 0.0005 
Above Poverty -0.04 0.04 0.37 
Morning -0.11 0.03 0.002 
HS Grad -0.09 0.03 0.01 
City Water -0.08 0.03 0.02 
Tea Intake 0.08 0.03 0.03 

Pyrene 

Intercept 4.17 0.07 <.0001 

0.2 

Current Smoker  0.81 0.05 <.0001 
Home Smoker 0.37 0.06 <.0001 
Age2 -2.9E-05 9.1E-06 0.0031 
Male -0.06 0.03 0.077 
City Water -0.17 0.06 0.009 
Oil Intake -0.11 0.04 0.005 
Meat Intake 0.12 0.03 0.001 

Non-Smoking NHANES Adults (N=3,300) 

Naphthalene 

Intercept 8.40 0.07 <.0001 

0.05 

House Age3 -4.0E-07 1.8E-07 0.02 
Age2 7.9E-05 1.4E-05 <.0001 
White -0.20 0.07 0.005 
Male -0.20 0.05 0.0001 
Berry 0.40 0.12 0.003 

Fluorene Intercept 5.66 0.03 <.0001 0.02 Home Smoker 0.42 0.08 <.0001 

Phenanthrene 

Intercept 5.59 0.06 <.0001 

0.04 

Age2 5.4E-05 9.1E-06 <.0001 
Above Poverty -0.12 0.04 0.01 
Hispanic -0.16 0.04 0.001 
Home Smoker 0.23 0.07 0.004 
Male -0.09 0.03 0.01 
Mobile Home -0.08 0.06 0.17 
Tea Intake 0.04 0.04 0.24 
Well Water 0.07 0.04 0.10 
Tomato Intake 0.15 0.04 0.0001 

Pyrene No Model Selected 



 

 

Table 4.6 Regression Results for Single Exposures with DSA selected covariates for PAH Biomarkers - Model 3 
a. Naphthalene - all units in log ng/g creatinine 

All NHANES Adults (N=4,300) 

Variable 

                                                                                              Exposures  
PM2.5 Temp PAH POM 02 DPM 02 

Estimate (!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| 

Intercept 7.99 0.08 <.0001 7.62 0.23 <.0001 7.83 0.09 <.0001 8.00 0.07 <.0001 
Exposure 0.001 0.003 0.7 0.006 0.004 0.1 -0.036 0.021 0.1 -0.013 0.043 0.8 
Current Smoker 1.30 0.09 <.0001 1.31 0.083 <.0001 1.30 0.09 <.0001 1.30 0.09 <.0001 
House Age3 -4.0E-07 1.4E-07 0.0028 -5.0E-07 1.6E-07 0.0034 -4.0E-07 1.4E-07 0.0098 -4.0E-07 1.4E-07 0.0042 
Age 8.6E-03 1.2E-03 <.0001 0.008 0.001 <.0001 8.5E-03 1.2E-03 <.0001 8.6E-03 1.2E-03 <.0001 
Home Smoker 0.44 0.07 <.0001 0.46 0.07 <.0001 0.44 0.07 <.0001 0.43 0.07 <.0001 
Male -0.19 0.03 <.0001 -0.20 0.04 <.0001 -0.19 0.03 <.0001 -0.19 0.03 <.0001 
Berry Intake 0.35 0.1 0.003 0.32 0.12 0.011 0.36 0.1 0.002 0.35 0.1 0.003 

	
NAP 02 PAH POM 05 DPM 05 NAP 05 

Estimate (!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| 

Intercept 7.90 0.09 <.0001 7.80 0.09 <.0001 7.98 0.08 <.0001 7.85 0.12 <.0001 
Exposure -0.028 0.022 0.2 -0.043 0.021 5E-02 -0.021 0.024 0.4 -0.046 0.030 0.1 
Current Smoker 1.30 0.09 <.0001 1.30 0.09 <.0001 1.30 0.09 <.0001 1.30 0.09 <.0001 
House Age3 -4.0E-07 1.4E-07 0.0068 -4.0E-07 1.4E-07 0.014 -4.0E-07 1.4E-07 0.0069 -4.0E-07 1.4E-07 0.0123 
Age 8.6E-03 1.2E-03 <.0001 8.5E-03 1.3E-03 <.0001 8.5E-03 1.2E-03 <.0001 8.4E-03 1.2E-03 <.0001 
Home Smoker 0.43 0.07 <.0001 0.43 0.07 <.0001 0.43 0.07 <.0001 0.43 0.07 <.0001 
Male -0.19 0.03 <.0001 -0.19 0.03 <.0001 -0.19 0.03 <.0001 -0.19 0.03 <.0001 
Berry Intake 0.34 0.1 0.004 0.36 0.1 0.002 0.35 0.1 0.003 0.36 0.1 0.002 

Non-Smoking NHANES Adults (N=3,300) 

Variable 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate (!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| 

Intercept 8.38 0.08 <.0001 7.85 0.31 <.0001 8.26 0.12 <.0001 8.41 0.07 <.0001 
Exposure 0.002 0.004 0.7 0.009 0.005 0.095 -0.029 0.027 0.3 0.013 0.051 0.8 
House Age3 -4.0E-07 1.8E-07 0.0176 -5.0E-07 2.1E-07 0.024 -4.0E-07 1.7E-07 0.0278 -4.0E-07 1.7E-07 0.0157 
Age2 7.9E-05 1.4E-05 <.0001 7.6E-05 1.4E-05 <.0001 7.8E-05 1.4E-05 <.0001 7.9E-05 1.4E-05 <.0001 
White -0.20 0.05 2.0E-04 -0.2042 0.0496 0.0003 -0.20 0.05 2.0E-04 -0.20 0.05 2.0E-04 
Male -0.20 0.07 0.005 -0.2215 0.0660 0.002 -0.20 0.07 0.007 -0.20 0.06 0.004 
Berry 0.39 0.12 0.004 0.3859 0.1383 0.009 0.40 0.12 0.002 0.39 0.12 0.003 

 
NAP 02 PAH POM 05 DPM 05 NAP 05 

Estimate (!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| 

Intercept 8.33 0.11 <.0001 8.21 0.12 <.0001 8.40 0.08 <.0001 8.28 0.14 <.0001 
Exposure -0.020 0.027 0.5 -0.039 0.026 0.1 -0.009 0.032 0.8 -0.038 0.037 0.3 
House Age3 -4.0E-07 1.8E-07 0.0321 -4.0E-07 1.7E-07 0.0381 -4.0E-07 1.8E-07 0.024 -4.0E-07 1.60E-07 0.024 
Age2 7.9E-05 1.4E-05 <.0001 7.8E-05 1.5E-05 <.0001 7.9E-05 1.4E-05 <.0001 7.8E-05 1.4E-05 <.0001 
White -0.20 0.05 2.0E-04 -0.20 0.05 2.0E-04 -0.20 0.05 2.0E-04 -0.19 0.05 2.0E-04 
Male -0.21 0.07 0.004 -0.19 0.07 0.008 -0.21 0.06 0.003 -0.21 0.06 0.002 
Berry 0.39 0.13 0.004 0.41 0.12 0.002 0.40 0.12 0.003 0.41 0.12 0.002 
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b. Fluorene – all units in log ng/g creatinine 
 

All NHANES Adults (N=4,300) 

Variable 

                                                                                              Exposures 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.09 0.12 <.0001 4.64 0.16 <.0001 5.18 0.16 <.0001 5.14 0.12 <.0001 
Exposure 0.004 0.003 0.1 0.008 0.002 3.0E-04 0.008 0.019 0.7 -0.025 0.029 0.4 
Current Smoker 1.48 0.05 <.0001 1.473 0.049 <.0001 1.47 0.05 <.0001 1.47 0.05 <.0001 
Home Smoker 0.50 0.05 <.0001 0.509 0.055 <.0001 0.50 0.05 <.0001 0.50 0.05 <.0001 
Hispanic -0.21 0.047 <.0001 -0.176 0.049 0.001 -0.20 0.049 2.0E-04 -0.20 0.046 <.0001 
Above Poverty -0.13 0.05 0.009 -0.129 0.049 0.012 -0.13 0.05 0.008 -0.13 0.05 0.010 
Age 0.02 0.005 <.0001 0.023 0.005 <.0001 0.02 0.005 <.0001 0.02 0.005 <.0001 
Age2 -2.0E-04 4.5E-05 <.0001 -1.9E-04 4.3E-05 <.0001 -2.0E-04 4.4E-05 <.0001 -2.0E-04 4.4E-05 <.0001 
Meat Intake 0.13 0.03 0.0005 0.110 0.036 0.004 0.12 0.03 0.0006 0.12 0.03 0.0008 
Oil Intake -0.06 0.03 0.05 -0.075 0.034 0.033 -0.07 0.03 0.05 -0.06 0.03 0.05 
Evening 0.12 0.05 0.009 0.098 0.042 0.024 0.12 0.05 0.010 0.12 0.05 0.011 

	
NAP 02 PAH POM 05 DPM 05 NAP 05 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.08 0.14 <.0001 5.16 0.16 <.0001 5.16 0.12 <.0001 5.08 0.15 <.0001 
Exposure -0.023 0.017 0.2 -0.002 0.017 0.9 -0.024 0.015 0.1 -0.029 0.024 0.2 

Current Smoker 1.48 0.05 <.0001 1.48 0.05 <.0001 1.48 0.05 <.0001 1.48 0.05 <.0001 
Home Smoker 0.48 0.05 <.0001 0.48 0.05 <.0001 0.48 0.05 <.0001 0.48 0.05 <.0001 

Hispanic -0.21 0.048 <.0001 -0.21 0.048 <.0001 -0.20 0.045 <.0001 -0.21 0.046 <.0001 
Above Poverty -0.14 0.05 0.007 -0.14 0.05 0.006 -0.14 0.05 0.008 -0.14 0.05 0.008 

Age 0.02 0.005 <.0001 0.02 0.005 <.0001 0.02 0.005 <.0001 0.02 0.005 <.0001 
Age2 -1.9E-04 4.4E-05 <.0001 -1.9E-04 4.3E-05 <.0001 -1.9E-04 4.3E-05 <.0001 -1.9E-04 4.3E-05 <.0001 

Meat Intake 0.12 0.03 0.0005 0.13 0.03 0.0004 0.12 0.03 0.0007 0.12 0.03 0.0009 
Oil Intake -0.05 0.03 0.10 -0.05 0.03 0.10 -0.05 0.03 0.10 -0.05 0.03 0.11 
Evening 0.13 0.05 0.005 0.14 0.05 0.005 0.13 0.05 0.006 0.13 0.05 0.005 

Non-Smoking NHANES Adults (N=3,300) 

Variable 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.58 0.05 <.0001 4.953 0.160 <.0001 5.75 0.10 <.0001 5.65 0.03 <.0001 
Exposure 0.007 0.003 0.1 0.011 0.003 <.0001 0.021 0.024 0.4 -0.023 0.039 0.6 

Home Smoker 0.43 0.077 <.0001 0.438 0.082 <.0001 0.43 0.078 <.0001 0.43 0.078 <.0001 

 
NAP 02 PAH POM 05 DPM 05 NAP 05 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.57 0.07 <.0001 5.66 0.09 <.0001 5.63 0.03 <.0001 5.55 0.10 <.0001 
Exposure -0.026 0.020 0.2 0.000 0.022 1.0 -0.032 0.020 0.1 -0.034 0.033 0.3 

Home Smoker 0.42 0.078 <.0001 0.42 0.078 <.0001 0.42 0.078 <.0001 0.41 0.080 <.0001 
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c. Phenanthrene – all units in log ng/g creatinine 

 
All NHANES Adults (N=4,300) 

Variable 

                                                                                                       Exposures 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.86 0.05 <.0001 5.17 0.14 <.0001 6.01 0.11 <.0001 5.88 0.06 <.0001 
Exposure 0.004 0.003 0.3 0.01 0.002 <.0001 0.022 0.023 0.3 -0.018 0.03 0.5 

Current Smoker 0.44 0.04 <.0001 0.42 0.04 <.0001 0.44 0.04 <.0001 0.44 0.04 <.0001 
Home Smoker 0.28 0.05 <.0001 0.30 0.05 <.0001 0.28 0.05 <.0001 0.28 0.05 <.0001 

Hispanic -0.26 0.04 <.0001 -0.21 0.04 <.0001 -0.24 0.037 <.0001 -0.25 0.04 <.0001 
Male -0.11 0.03 0.0003 -0.10 0.03 0.00 -0.11 0.03 0.0002 -0.11 0.03 0.0003 

Above Poverty -0.03 0.04 0.5 -0.03 0.04 0.42 -0.03 0.04 0.5 -0.02 0.04 0.5 
Morning -0.10 0.03 0.004 -0.08 0.03 0.03 -0.10 0.03 0.005 -0.10 0.03 0.004 
HS Grad -0.09 0.03 0.006 -0.10 0.03 0.00 -0.09 0.03 0.007 -0.09 0.03 0.006 

City Water -0.07 0.04 0.06 -0.02 0.04 0.67 -0.07 0.03 0.03 -0.05 0.04 0.19 
Tea Intake 0.07 0.03 0.040 0.08 0.03 0.03 0.07 0.03 0.032 0.07 0.03 0.036 

	
NAP 02 PAH POM 05 DPM 05 NAP 05 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.88 0.08 <.0001 5.98 0.10 <.0001 5.91 0.07 <.0001 5.9 0.1 <.0001 
Exposure -0.01 0.02 0.4 0.01 0.019 0.6 -0.006 0.02 0.7 0.004 0.02 0.9 

Current Smoker 0.4 0.04 <.0001 0.4 0.04 <.0001 0.4 0.04 <.0001 0.4 0.04 <.0001 
Home Smoker 0.3 0.05 <.0001 0.3 0.05 <.0001 0.3 0.05 <.0001 0.3 0.05 <.0001 

Hispanic -0.2 0.04 <.0001 -0.2 0.036 <.0001 -0.2 0.04 <.0001 -0.3 0.04 <.0001 
Male -0.1 0.03 0.0005 -0.1 0.03 0.0004 -0.1 0.03 0.0005 -0.1 0.03 0.0005 

Above Poverty -0.03 0.04 0.4 -0.04 0.04 0.3 -0.04 0.04 0.4 -0.04 0.04 0.4 
Morning -0.1 0.03 0.002 -0.1 0.03 0.002 -0.1 0.03 0.002 -0.1 0.03 0.002 
HS Grad -0.09 0.03 0.01 -0.09 0.03 0.01 -0.09 0.03 0.01 -0.09 0.03 0.01 

City Water -0.08 0.03 0.03 -0.09 0.03 0.01 -0.07 0.04 0.1 -0.09 0.04 0.03 
Tea Intake 0.08 0.03 0.03 0.08 0.03 0.03 0.08 0.03 0.04 0.08 0.03 0.03 
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Non-Smoking NHANES Adults (N=3,300) 
                                                                                                             Exposures 

Variable 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.51 0.07 <.0001 4.74 0.16 <.0001 5.79 0.14 <.0001 5.58 0.06 <.0001 
Exposure 0.007 0.004 0.1 0.01 0.00 <.0001 0.047 0.029 0.1 0.006 0.038 0.9 
Age2 5.5E-05 9.2E-06 <.0001 5.7E-05 9.7E-06 <.0001 5.6E-05 9.2E-06 <.0001 5.6E-05 9.3E-06 <.0001 
Above Poverty -0.11 0.04 0.008 -0.11 0.04 0.01 -0.11 0.04 0.007 -0.11 0.04 0.009 
Hispanic -0.17 0.05 6.0E-04 -0.10 0.04 0.01 -0.14 0.04 1.7E-03 -0.16 0.04 7.0E-04 
Home Smoker 0.23 0.07 0.003 0.23 0.08 0.005 0.24 0.07 0.002 0.23 0.07 0.002 
Male -0.10 0.03 0.004 -0.09 0.03 0.01 -0.10 0.03 0.003 -0.10 0.03 0.004 
Mobile Home -0.07 0.06 0.28 -0.05 0.07 0.46 -0.09 0.06 0.17 -0.09 0.07 0.22 
Tea Intake 0.04 0.04 0.3 0.05 0.04 0.21 0.05 0.04 0.2 0.04 0.04 0.2 
Well Water 0.06 0.04 0.2 -0.01 0.04 0.85 0.07 0.04 0.1 0.05 0.05 0.3 
Tomato Intake 0.15 0.03 <.0001 0.13 0.03 0.001 0.15 0.03 <.0001 0.15 0.04 <.0001 

	 NAP 02 PAH POM 05 DPM 05 NAP 05 

	 Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 5.55 0.09 <.0001 5.71 0.12 <.0001 5.59 0.06 <.0001 5.66 0.11 <.0001 
Exposure -0.012 0.018 0.5 0.027 0.023 0.2 -0.004 0.021 0.9 0.023 0.030 0.4 
Age2 5.4E-05 9.2E-06 <.0001 5.5E-05 9.1E-06 <.0001 5.4E-05 9.1E-06 <.0001 5.5E-05 9.1E-06 <.0001 
Above Poverty -0.12 0.04 0.006 -0.13 0.04 0.006 -0.12 0.04 0.007 -0.13 0.04 0.006 
Hispanic -0.16 0.04 7.0E-04 -0.15 0.04 6.0E-04 -0.16 0.04 7.0E-04 -0.17 0.04 5.0E-04 
Home Smoker 0.23 0.07 0.004 0.23 0.07 0.003 0.23 0.07 0.004 0.23 0.07 0.003 
Male -0.09 0.03 0.008 -0.09 0.03 0.007 -0.09 0.03 0.008 -0.09 0.03 0.007 
Mobile Home -0.09 0.06 0.16 -0.08 0.06 0.19 -0.09 0.07 0.20 -0.07 0.07 0.29 
Tea Intake 0.04 0.04 0.2 0.04 0.04 0.2 0.04 0.04 0.3 0.04 0.04 0.2 
Well Water 0.06 0.04 0.1 0.09 0.04 0.0 0.06 0.05 0.2 0.09 0.05 0.1 
Tomato Intake 0.15 0.03 0.0001 0.15 0.03 0.0001 0.15 0.04 0.0001 0.15 0.04 0.0001 
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d. Pyrene – all units in log ng/g creatinine 
 

All NHANES Adults (N=4,300) 

Variable 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 4.05 0.08 <.0001 3.67 0.19 <.0001 4.00 0.21 <.0001 4.16 0.07 <.0001 
Exposure 0.008 0.004 0.1 0.007 0.003 0.016 -0.025 0.039 0.5 0.052 0.049 0.3 
Current Smoker 0.81 0.06 <.0001 0.801 0.053 <.0001 0.80 0.06 <.0001 0.81 0.06 <.0001 
Home Smoker 0.39 0.06 <.0001 0.396 0.060 <.0001 0.39 0.05 <.0001 0.40 0.06 <.0001 
Age2 -2.5E-05 8.8E-06 0.007 -2.4E-05 9.5E-06 0.013 -2.5E-05 8.9E-06 0.0069 -2.4E-05 9.0E-06 0.01 
Male -0.06 0.04 0.09 -0.068 0.037 0.072 -0.06 0.04 0.10 -0.06 0.04 0.08 
City Water -0.14 0.06 0.03 -0.119 0.061 0.057 -0.12 0.07 0.09 -0.16 0.06 0.02 
Oil Intake -0.12 0.04 0.003 -0.129 0.039 0.002 -0.12 0.04 0.005 -0.12 0.04 0.003 
Meat Intake 0.12 0.04 0.002 0.119 0.037 0.002 0.11 0.04 0.003 0.12 0.04 0.002 

 NAP 02 PAH POM 05 DPM 05 NAP 05 

 Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

Intercept 4.21 0.10 <.0001 4.06 0.19 <.0001 4.21 0.08 <.0001 4.25 0.12 <.0001 
Exposure 0.01 0.02 0.6 -0.022 0.035 0.5 0.016 0.025 0.5 0.020 0.029 0.5 
Current Smoker 0.81 0.05 <.0001 0.81 0.05 <.0001 0.81 0.05 <.0001 0.81 0.05 <.0001 
Home Smoker 0.37 0.06 <.0001 0.37 0.06 <.0001 0.37 0.06 <.0001 0.37 0.06 <.0001 
Age2 -2.8E-05 9.1E-06 0.003 -2.9E-05 9.2E-06 0.003 -2.7E-05 9.4E-06 0.006 -2.8E-05 9.1E-06 0.004 
Male -0.06 0.03 0.07 -0.06 0.03 0.08 -0.06 0.03 0.07 -0.06 0.03 0.07 
City Water -0.18 0.06 0.01 -0.16 0.07 0.02 -0.20 0.07 0.01 -0.19 0.07 0.01 
Oil Intake -0.11 0.04 0.005 -0.11 0.04 0.008 -0.11 0.04 0.005 -0.11 0.04 0.005 
Meat Intake 0.12 0.04 0.002 0.12 0.04 0.002 0.12 0.04 0.001 0.12 0.04 0.002 

Non-Smoking NHANES Adults (N=3,300) 

Variable 
PM2.5 Temp PAH POM 02 DPM 02 

Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

No Model Selected 

 NAP 02 PAH POM 05 DPM 05 NAP 05 

 Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| Estimate 
(!) SE Pr > |t| Estimate 

(!) SE Pr > |t| 

No Model Selected 
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Table 4.7 Comparison of Model Fit (R2) across Model 1, Model 2, and Model 3 
 
 

 

PAH 
Biomarker 

Model 1  
Current Smoker 

Model 2 
DSA 

Model 3 – Exposure + DSA 
PM2.5 Temp PAH POM 02 DPM 02 NAP 02 PAH POM 05 DPM 05 NAP 05 

All NHANES Adults 
Naphthalene 0.27 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 
Fluorene 0.47 0.51 0.52 0.52 0.52 0.52 0.52 0.51 0.52 0.52 
Phenanthrene 0.10 0.14 0.14 0.16 0.14 0.14 0.14 0.14 0.14 0.14 
Pyrene 0.20 0.23 0.23 0.24 0.23 0.23 0.23 0.23 0.23 0.23 

Non-Smoking NHANES Adults 
Naphthalene - 0.051 0.052 0.058 0.053 0.052 0.053 0.055 0.052 0.054 
Fluorene - 0.017 0.021 0.037 0.019 0.019 0.019 0.017 0.020 0.019 
Phenanthrene - 0.040 0.044 0.063 0.046 0.041 0.040 0.042 0.040 0.041 
Pyrene No Model Selected 
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4.4 Discussion  
 
Our objectives were to assess associations between air pollution exposures and PAH biomarker 
concentrations and to evaluate if we could predict individual-level PAH biomarker 
concentrations from outdoor air pollutant exposures and from demographic, housing, and food 
intake information from the NHANES survey. In our analyses current smoking status was the 
strongest predictor of PAH biomarker concentration and was able to explain between 10% and 
47% of the variability of PAH biomarker concentrations. The DSA selected models were able to 
explain 10% to 51% of the variability of PAH biomarker concentrations in all adults, but only 
2% to 5% of the variability in non-smoking adults. The forcing of the exposure variables into the 
DSA models (model 3) barely increased the model fit for UPHE in all adults and UFLU in non-
smoking adults when temperature was included in the multivariate model.  
 
Our analytical approach was developed based on the work by Shin et al. 2013, who compared 
predicted PAH intake to estimated PAH intake from biomarker levels in NHANES participants 
(2003-2004).155 They used log-normal probability plots to compare modeled and estimated PAH 
intakes to infer a primary route of exposure for each PAH biomarker. The authors suggested that 
the primary route of exposure for naphthalene, fluorene and phenanthrene was inhalation from 
indoor air concentrations of PAHs derived from field studies sources, and for pyrene it was 
inhalation from both indoor and outdoor sources. They recommended that model predictions 
could be improved by including other potential exposure pathways such as cigarette smoking and 
food intake. For this reason, we sought to estimate individual-level outdoor air pollutant 
exposures for NHANES participants and explore if PAH urinary biomarkers were associated 
with any of these exposures and temperature, in the context of NHANES smoking and dietary 
data.  
 
Lower molecular weight PAHs exist in the environment in the gas-phase, while higher molecular 
weight PAHs exist as particle-phase molecules.17 Many PAHs are semi-volatile compounds that 
partition between the gas and particle phase and can adsorb onto atmospheric particulate matter 
(PM); PM may reflect the overall PAH concentration in the atmosphere.143 Adetona et al. 
reported only significant correlations between personal PM2.5 exposure and creatinine adjusted 
concentration of 2-hydroxy-fluorene and 1-hydroxy-phenanthrene.156 We did not detect any 
significant associations between PM2.5 exposures and any PAH biomarker concentrations. The 
parent PAHs of the biomarkers that were evaluated have lower molecular weights and generally 
exist in the gas-phase, with the exception of pyrene, which is perhaps why they were not 
associated with PM2.5 exposure.  
 
Our results indicated that exposure to ambient naphthalene was significantly associated with an 
increase in concentrations of urinary metabolites of naphthalene and fluorene in all adult 
NHANES participants. Li et al. 2010 measured non-occupational exposure to PAHs through the 
measurement of personal air monitoring and urinary PAH biomarkers. Their study reported 
inhaled naphthalene measured by personal monitors was correlated with total excreted urinary 
naphthalene metabolites.135 Additionally, Leroyer et al. 2010, measured ambient PAH air 
concentrations and PAH metabolite biomarkers (1-hydroxypyrene and 3-
hydroxybenzo[a]pyrene) and found that the measured air concentrations of pyrene, 
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benzo[a]pyrene, or a sum of 16 PAHs was not correlated with PAH metabolite biomarker 
concentrations.157  
 
Lu et al. 2014 conducted a controlled exposure study of diesel exhaust and concluded that 
urinary PAHs were not a promising biomarker of exposure.158 However, a controlled exposure 
experiment indicated that naphthalene and phenanthrene air concentrations could be used as 
surrogates for diesel exhaust exposure.159 We found that outdoor concentrations of diesel 
particulate matter were significantly associated with decreases in urinary concentrations of 
fluorene and phenanthrene metabolites. When comparing temperature, for every 1°F increase we 
can expect a 1% increase in fluorene, phenanthrene, and pyrene urinary biomarker 
concentrations for all and non-smoking adults. Time spent outdoors has been shown to be a 
predictor of personal exposure to PAHs, and the positive association we detected may be a proxy 
for time spent outdoors.160 
 
Ingestion of PAHs through food has been suggested to be the dominant route of exposure.161 
Meat that is smoked, charred, or barbequed over wood or charcoal has a higher concentration of 
PAHs.34,39 Meat intake was chosen as a predictor by the DSA for FLU and PHE biomarkers. Tea 
was selected as a predictor of UPHE biomarkers in all adults and non-smoking adults and has 
been suggested as a source of dietary PAH exposure.35 In the present study, berry and tomato 
intake were selected as predictors for UNAP in all and non-smoking adults and for UPHE in 
non-smoking adults. Although there were not high concentrations detected, Duartes-Salles et al. 
reported that intake of fruit was a major contributor of total daily dietary intake of PAH.142 
 
Across all the models that were tested in adult NHANES participants, current smoking was the 
strongest predictor or urinary metabolites of PAHs. In tobacco smoke, there are at least 539 
PAHs and their alkyl derivatives, which makes smoking and second hand smoke exposure 
important sources of PAH concentrations.162,163 Past studies examining cigarette smoking have 
used 1-hydroxypyrene and 3-hydroxybenzo[a]pyrene as biomarkers of PAH exposure in 
smokers.164 St. Helen et al. 2012 investigated which PAH biomarkers were more selective for 
tobacco smoke for smokers with varying background outdoor air pollution concentrations.162 
They found that 1-hydroxy-fluorene and 2-hydroxy-naphthalene were more selective than 
hydroxy-phenthranenes and 1-hydroxypyrene.162 Current smoking and the presence of a smoker 
in the home were the strongest predictors in the UNAP and UFLU biomarker models.   
 
Our results add to the literature examining the contribution of various exposure routes to the 
body burden of PAHs. In addition, we demonstrated a novel method that included assigning 
individual NHANES participants air pollution exposure estimates and used an aggressive model 
building tool, the Deletion/Substitution/Addition algorithm, with NHANES survey information. 
This approach could be used in future studies to examine routes of exposures and determine 
predictors of other biomarkers associated with environmental exposures that are measured in the 
NHANES.  
 
4.4.1 Limitations  
 
A major limitation of our study is with the air pollutant exposures we used in our models. We did 
not have any direct daily personal PAH exposure data to use as predictors of urinary biomarker 
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concentrations. We tried to use a 2-day moving average of estimated PM2.5 exposure in the 
residential census tract as a proxy for ambient PAH exposure, and even though it was a spatially 
and temporally resolved exposure metric, it was not a good predictor of urinary PAH metabolite 
concentrations. Although, NATA total ambient exposure estimates included naphthalene and 
particulate PAHs, they also were not strong predictors of urinary PAH biomarker concentrations. 
We used only annual ambient PAH exposure estimates from 2002 and 2005 NATA; which was 
for only 2 of the 6 years of NHANES survey data we used in our models. The concentrations for 
PAH POM and NAP were similar, however, the DPM decreased by 45% from 2002 to 2005. 
Ambient PAH concentration varies dramatically across seasons and even from day to day within 
a season. PAHs have a short half-life in the body and are excreted relatively quickly as urinary 
metabolites, so annual estimates would not be expected to be good predictors of daily ambient 
exposures nor urinary PAH metabolite concentrations. In addition, we did not include any 
information on the occupation of the NHANES participants and thus have not accounted for any 
PAH exposure from occupational sources.  
 
Additionally, due to restrictions on the packages we were allowed to run at the NCHS RDC, we 
were unable to include the air pollution concentrations and temperature variables in the DSA 
model selection as candidate variables. The DSA was run separately with the public use data, 
and concentration variables were later forced into the DSA selected models. It would have been 
informative to know if the exposure variables would have been selected as a predictor of urinary 
PAH metabolites biomarkers by the same algorithm that selected the other predictor variables.    
 
4.5 Conclusion 
 
This study demonstrates how a rich dataset including urinary biomarker data and individual 
information on demographics, food intake, and air pollution exposures can be used to examine 
the contribution of each route of exposure to body burden. Air pollution exposures did not 
explain much variability in the urinary PAH metabolite concentrations by themselves or when 
included in multivariate regression models. In non-smokers we were not able to develop a 
multivariate regression model that explained more than 5% of the variability of urinary PAH 
metabolite concentrations. Smokers in home were strongest predictors of fluorene and 
phenanthrene metabolite concentration in non-smokers. Current smoking status was the strongest 
predictor of urinary PAH biomarkers of exposure. Additionally, although it has been speculated 
to be the main route of PAH exposure, ingestion of food was not a strong predictor of any 
urinary PAH biomarker. Further studies of routes of exposure of PAHs should be conducted to 
understand how exposure to PAHs in the environment are contributing to the body burden of this 
class of toxic compounds.  
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CHAPTER 5 – CONCLUSION  
 
5.1 Summary of Major Findings  
 
My overall dissertation objective was to combine traditional methods of exposure assessment 
with new approaches to evaluate exposures to air contaminants commonly emitted from wildland 
fires and found in the ambient environment. 
 
The following are the main findings from each research project:  
 
Air quality impacts cannot be localized only to communities near large fires but can extend 
long distances and impact distant urban areas. 
 
Chapter 2 demonstrated methods to assess air quality impacts of PM2.5 from wildfires. Data from 
PM2.5 monitoring sites indicated that air quality impacts were greatest at locations closest to the 
Rim Fire and extended to northern Sierra and Nevada sites. Although monitoring sites in the San 
Joaquin Valley were close to the Rim Fire, their mean 24-hr averages and the fact that there were 
no days in which the Air Quality Index was above moderate indicated that the San Joaquin 
Valley’s air quality was not heavily impacted by smoke from the Rim Fire.  
 
The BlueSky Smoke Modeling Framework provided a unique opportunity to calculate the intake 
fraction and assess the impact of PM2.5 from smoke compared to other sources of PM2.5. During 
the active fire period the intake fraction was 7.4, meaning that 7.4 µg of PM2.5 was inhaled for 
one kg of PM2.5 emitted from wildland fires. Mass intake provided us with a useful metric to 
examine how much PM2.5 was inhaled per day by a population in a specific area. In some 
locations, the mass intake was between 6 and 31 times the mass of the EPA 24-hour PM2.5 
standard.  
 
Wildland firefighters are exposed to PAHs while suppressing wildlands fires, conducting 
prescribed burns, and off-duty at incident command bases.  
 
In Chapter 3, we reported measurable concentrations of 17 polycyclic aromatic hydrocarbons 
(PAHs) in personal samples on firefighters at prescribed and wildland fires and in area samples 
at a community nearby a wildland fire. Lower molecular weight PAHs (naphthalene, 
phenanthrene, and retene) were consistently the highest measured PAHs at all three sampling 
scenarios. We determined that PAH concentrations were highest for wildland firefighters during 
job tasks that involve the most direct contact with smoke near an actively burning wildland fire. 
In this study, firefighters working on wildland fires were exposed to higher concentrations of 
PAHs compared to the firefighters working on prescribed burns. 
 
Although concentrations do not exceed current occupational exposure limits, wildland 
firefighters are exposed to PAHs not only on the fire line at wildland fires, but also while 
working prescribed burns and while off-duty. Characterizing exposures from wildland fires is 
important to better understand any potential long or short-term health effects, especially since 
wearing respiratory protection is not feasible for wildland firefighters due to their extreme work 
conditions.  To reduce exposure to PAHs, administrative controls could be introduced: (1) reduce 
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the distance inside the fire line that crews are required to mop-up (50 vs 300 ft) and (2) rotate 
individuals or crews between locations of heavy and light smoke throughout a work shift.  
 
Cigarette smoking is the strongest predictor of urinary PAH metabolite concentrations, 
and it is diificult to predict urinary PAH metabolite concentrations in non-smokers. 
 
Chapter 4 demonstrated how a rich dataset of urinary metabolite concentrations with individual 
information on demographics, food intake, and air pollution exposures can be used to examine 
the contribution of different routes of exposure to the body burden of PAHs. Air pollution 
exposures did not explain much variability in the PAH biomarkers by themselves or when 
included in multivariate regression models. Dietary variables also had little impact on model fit.  
Smoking was the strongest predictor of PAH biomarkers. In non-smokers, we not able to develop 
a multivariate regression model that explained anything above 5% of the variability of PAH 
biomarkers. Further studies of routes of exposure of PAHs should be completed to understand 
how PAHs in the environment are contributing to the body burden of PAH.  
 
5.2 Recommendations for Future Work  
 
Based on the findings reported in my dissertation and experiences I had while collecting my field 
data, I recommend the following areas for additional research.  
 
Air Quality Impacts of Prescribed Fire vs. Wildland Fire  
 
Smoke emissions are often cited as a reason not to implement prescribed fire in forest 
maintenance. However, prescribed fire could lead to a reduction of catastrophic wildfires and 
associated high levels of smoke in the future.5 A health risk assessment could compare the risk of 
adverse health outcomes associated with smoke exposure from prescribed fire to that of smoke 
exposure from wildland fires. This information could be used by land managers and community 
groups who are interested in applying prescribed fire as tool to restore fire resilient ecosystems, 
individuals in tribal communities who would like to reintroduce fire for cultural practices, and air 
quality officials who are concerned about the possible health effects from smoke exposure. 
 
Dermal Exposure to Chemicals from Wildland Firefighting  
 
Dermal uptake of chemicals into the body can be an important route of exposure. Wildland 
firefighters are often exposed to chemicals from skin exposure to diesel, gasoline, and ash. Work 
conditions often do not allow firefighters to wash these chemicals off their clothing or skin in a 
timely manner. I think it is important to study skin exposures to understand how dermal uptake 
of chemicals may contribute to any wildland firefighter health risk.    
 
Factors that Influence Wildland Firefighter Smoke Exposure  
 
Wildland firefighters work long hours under arduous conditions wearing no respiratory 
protection, because it is not feasible to do so. Naeher et al. (2007) noted that work tasks in 
wildland firefighting require elevated breathing rates which can result in higher doses of 
smoke.17 For this reason, I would like to measure breathing rates of wildland firefighter 
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performing common work tasks and incorporate them in calculating dose. Using actual 
ventilation rates in dose calculation will provide more accurate estimates of the inhaled dose of 
air contaminants from wildland fire smoke. 
 
One interesting result of Chapter 3 was the elevated concentrations of PAHs while firefighters 
were working on a large wildland fire during the night shift. I did not design that study to assess 
how fire characteristics such as meteorological conditions, size, fire behavior, or fuel type may 
influence concentrations of PAHs. If I were able to complete an additional exposure assessment 
of wildland firefighters to PAHs, I would also be interested in collecting that information. I think 
that if fire conditions do influence concentrations in the ambient environment and subsequent 
exposure of wildland firefighters, fire managers should take such information under 
consideration when deciding when and where to place resources.     
 
Food Intake as a Source of PAH Exposure  
 
Ingestion of PAH-contaminated foods has long been speculated to be a key route of exposure for 
PAHs; however, in our analysis food intake was not a main predictor of exposure. For this 
reason, I would like to conduct a separate analysis examining the association between PAH 
urinary metabolites and foods hypothesized to be contaminated with PAHs. The analysis would 
include bivariate regression models comparing PAH urinary metabolite concentrations to each 
individual food that was consumed 24 hours before urine collection. Foods that were statistically 
significant in the bivariate analysis would be used in multivariate regression models adjusting for 
covariates such as age, sex, and BMI.165 This study could utilize additional years of NHANES 
survey data that are now available (2001-2012).  
 
5.3 Concluding Statement  
 
With the predicted increase of wildland fires in the western United States due to climate change 
resulting in more acres burned and smoke produced, it is important to quantify the air quality 
impacts from these fires to develop effective strategies to protect public and wildland firefighter 
health. One way to reduce the risk of future catastrophic wildland fires is to use prescribed fire to 
create more resilient forests. However, this will emit smoke into the ambient environment near 
communities and expose wildland firefighters who are implementing these operations. This 
dissertation reports the results of novel and traditional methods for assessing exposure to air 
contaminants to wildland fire smoke. These methods can be used to better estimate short-term 
and long-term health risks from wildland fire smoke, so that public and occupational health 
practitioners, air quality regulators, and natural resource managers can develop mitigation 
strategies to reduce exposure to wildland fire smoke.  
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APPENDIX  
 
Table A.1 Chemical and Physical Properties of PAHs 
 

PAHs CAS # Formula 
 

# of 
Rings 

Structure Molecular 
Weight 

Melting 
Point 

Boling 
Point 

Napthalene (NAP) 91-20-3 C10H8 2 

 

128.17 80 C 218 C 
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Table A.2 – Arithmetic Mean and Standard Deviation PAH and PM2.5 Concentration for 
Firefighters at Prescribed and Wildland Fires and Community Exposure from a Wildland 
Fire  
 

  Prescribed Fire Firefighter Wildland firefighter Community Exposure 

PAH Analyte (# of rings) N Concentration 
(ng m-3) N Concentration    

(ng m-3) N Concentration  (ng 
m-3) 

Acenaphthylene (ACY) 208-96-8 C12H8 3 
 

152.19 92-93 C 265 - 
275 C 

Acenaphthene (ACE) 83-32-9 C12H10 3 
 

154.21 95 C 279 C 

Fluorene (FLU) 86-73-7 C13H10 3 

 

166.22 116-117 
C 

295 C 

Phenanthrene (PHE) 85-01-8 C14H10 3 

 

178.23 101 C 340 C 

Anthracene (ANT) 120-12-7 C14H10 3 
 

178.23 218 C 342 C 

Fluoranthene (FLT) 206-44-0 C16H10 4 

 

202.25 111 C 384 C 

Pyrene (PYR) 129-00-0 C16H10 4 

 

202.25 150.6 C 404 C 

Retene (RET) 483-65-8 C18H18 3 
 

234.34 210 F 734 F 

Benz(a)anthracene 
(BAA) 

56-55-3 C18H12 4 

 

228.29 162 C 438 C 

Chrysene (CHR) 218-01-9 C18H12 4 

 

228.29 258 C 448 C 

Benzo(b)fluoranthene 
(BBF) 

205-99-2 C20H12 5 
 

252.31 168 C 481 C 

Benzo(k)fluoranthene 
(BKF) 

207-08-9 C20H12 5 
 

252.31 217 C 480 C 

Benzo(a)pyrene (BAP) 50-32-8 C20H12 5 
 

252.31 179 C 310 - 
312 C 

Indeno(1,2,3-C,D)pyrene 
(ICP) 

193-39-5 C22H12 6 

 

276.33 164 C 536 C 

Dibenz(a,h)anthracene 
(DBA) 

53-70-3 C22H14 5 

 

278.35 267 C 524 C 

Benzo(ghi)perylene 
(BGP) 

191-24-2 C22H12 6 

 

276.33 278 C 550 C 
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Mean SD Mean SD 
AM 

Mean 
(SD) 

PM 
Mean 
(SD) 

Naphthalene (2) 11 1396 1404 21 5933 6528 23 589 (755) 344 (302) 

Acenaphthylene (3) 11 119 156 28 147 199 23 1 (0) 1 (1) 

Acenaphthene (3) 11 12 12 28 67 203 23 3 (6) 2 (1) 

Fluorene (3) 11 46 70 28 173 283 23 14 (35) 13 (33) 

Phenanthrene (3) 11 152 227 28 399 565 23 9 (10) 11 (19) 

Anthracene (3) 11 16 31 28 54 109 23 1 (0) 1 (0) 

Fluoranthene (4) 11 39 90 28 56 62 23 2 (2) 3 (3) 

Pyrene (4) 11 36 79 28 121 444 23 1 (0) 1 (1) 

Benz[a]anthracene (4) 11 20 32 28 25 40 23 38 (77) 34 (55) 

Chrysene (4) 6 24 37 28 33 51 23 3 (2) 3 (0) 

Benzo[b]fluoranthene (5) 6 10 17 28 14 20 23 4 (0) 4 (1) 

Benzo[k]fluoranthene (5) 6 13 23 28 13 18 23 3 (2) 3 (1) 

Benzo[a]pyrene (5) 6 14 26 28 18 30 23 4 (6) 3 (1) 

Indeno(1,2,3-cd)pyrene (6) 6 14 30 28 17 27 23 3 (3) 3 (0) 

Dibenz(a,h)anthracene (6) 6 6 8 28 6 10 23 2 (3) 1 (1) 

Benzo[ghi]perylene (6) 6 9 18 28 11 17 23 5 (8) 3 (1) 

Retene (3) 6 745 1329 28 3641 5273 23 1 (0) 1 (1) 

Total PAH 10 526 727 28 1148 1647 23 57 (52) 52 (59) 

Low Molecular Weight (3) 11 345 423 28 840 1323 23 28 (47) 28 (54) 

Medium Molecular Weight 
(4) 8 135 253 28 231 478 23 10 (3) 10 (4) 

High Molecular Weight (5-6) 6 65 121 28 80 117 23 19 (22) 13 (2) 

PM2.5 - - - - - - 23 58 (31) 13 (5) 

 
 
 
 
 
 
 
 
Table A.3 – Data Dictionary  
 
NCHS Public Use Data Dictionary: NHANES 2001-2006 

Variable Name 
Variable Description 

2001-2002 2003-2004 2005-2006 

SEQN SEQN SEQN Sequence Number- used for merging public data 
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RIAGENDR RIAGENDR RIAGENDR Gender- adjudicated 

INDFMPIR INDFMPIR INDFMPIR Family PIR 

DMDEDUC2 DMDEDUC2 DMDEDUC2 Education Level- Adults 20+ 

RIDRETH1 RIDRETH1 RIDRETH1 Race/Ethnicity- Recode 

RIDAGEYR RIDAGEYR RIDAGEYR Age at Screening Adjudicated - Recode 

HOD010 HOD011 HOQ011 Type of home 

HOD040 HOD040 HOQ040 When was home built 

HOQ070 HOQ070 HOQ070 Source of tap water 

HOD140 HOD140 NA Home painted in last 12 months 

PUD010 PUD010 NA Pest control in home in past month? 

PUD040 PUD041 NA Home have private yard? 

PUD060 PUD061 NA Pest control in yard in past month? 

NA NA  PUQ100 Products used in home to control insects (last 7 days) 

NA NA PUQ110 Products used to kill weeds? (last 7days) 

SMQ020  SMQ020  SMQ020  Smoked at least 100 cigarettes in life 

SMQ040 SMQ040 SMQ040 Do you now smoke cigarettes 

SMD410  SMD410  SMD410  Does anyone smoke in the home 

PHDSESN PHDSESN PHDSESN Session in which SP was examined 

DRDIFDCD DR1IFDCD DR1IFDCD USDA Food Code  

DRXIGRMS DR1IGRMS DR1IGRMS Grams of Food Product 

URXP01 URXP01 URXP01 1-naphthol [ng/L] 

URXP02 URXP02 URXP02 2-naphthol [ng/L] 

URXP03  URXP03  URXP03  3-fluorene [ng/L] 

URXP04  URXP04  URXP04  2-fluorene [ng/L] 

URXP05  URXP05  URXP05  3-phenanthrene [ng/L] 

URXP06  URXP06  URXP06  1-phenanthrene [ng/L] 

URXP07  URXP07  URXP07  2-phenanthrene [ng/L] 

URXP10 URXP10 URXP10 1-pyrene [ng/L] 

NA URXP17 URXP17 9-fluorene [ng/L] 

NA URXP19 URXP19 4-phenanthrene [ng/L] 

URXUCR URXUCR URXUCR Creatinine, urine (mg/dL) 

WTINT2YR WTINT2YR WTINT2YR Full Sample 2 Year Interview Weight 

WTMEC2YR WTMEC2YR WTMEC2YR Full Sample 2 Year MEC Exam Weight 

WTDRD1  WTDRD1  WTDRD1  Dietary day one sample weight 

WTSPH2YR NA NA Phthalate Subsample 2 Year MEC Wight 

NA WTSB2YR WTSB2YR Environmental Subsample B 2 Year Weight 

 




