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The Chemistry of Fires at 
the Wildland - Urban Interface

Consensus Study Report  
Highlights

The number, size, and intensity of wildland fires in the United States is 

increasing, driven by more frequent heat waves and droughts, and by 

land management practices that have allowed the build-up of potential 

wildland fire fuels. At the same time, more homes are being built at 

the wildland-urban interface (WUI)—the place where housing and 

other structures intermix or interface with wildland. Since 1990, 41% 

of new housing units in the United States have been built at the WUI. 

As communities continue to expand into surrounding forests, they are 

at increasing risk of experiencing wildfires including in geographies 

not typically associated with wildfires. Today, an estimated 70,000 

communities and 43 million U.S. homes are at risk from WUI fires. 

The chemistry and ultimate health impacts of WUI fires are still poorly understood. WUI fires can lead to higher 

human exposures than remote wildland fires because of their proximity to communities. They also have unique 

chemistry due to the combination of natural and human-made fuels that are burned, which may lead to the 

formation or release of toxic emissions not found in purely wildland fires.

This report, produced at the request of the National Institute of Standards and Technology (NIST), the Centers 

for Disease Control and Prevention (CDC), and the National Institute of Environmental Health Sciences (NIEHS), 

evaluates how information about chemistry can be used to inform decision-makers charged with mitigating 

wildfire impacts and their potential health impacts. The report examines what is known of wildland fires and 

urban fires and uses that information to identify potential emissions, exposures and health impacts of WUI fires as 

well as near- and long-term research needs. 

FUeL, COmbUStION, emISSIONS

Emissions from fires in the WUI can differ greatly from emissions from wildland fires. The fuels burned in WUI 

fires have different compositions, densities, and quantities of combustible materials than the vegetative biomass 

combusted in wildland fires. Combustion reactions for materials at the WUI (e.g., household components such 

as siding, insulation, textiles, plastic, as well combustion of biomass) result in significant emission of potential 

toxicants to the surrounding environment. 
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The research community’s knowledge of emissions from 

the combustion of urban materials is derived largely 

from studies of the toxicity of emissions from enclosure 

fires (i.e., a fire within a room or compartment inside 

a building) or from laboratory simulations. While these 

studies have demonstrated how both the material 

composition and the amount of oxygen available strongly 

impact the emissions of some toxicants, they do not 

reflect how WUI fires actually behave. More research is 

needed on urban fuels’ effects on combustion processes, 

the types of species emitted, and species’ interactions 

under different fire conditions. 

AtmOSpHerIC trANSpOrt AND WAter AND SOIL 

CONtAmINAtION

Emissions from WUI fires can substantially, negatively 

impact human health and quality of life, not only in the 

vicinity of the fire but also hundreds to thousands of 

kilometers downwind. For example, the 2018 Camp Fire 

affected air quality 240-km-downwind for millions of 

California Bay Area residents, and the 2016 Horse River 

Fire, which started near Fort McMurray, Alberta, Canada, 

and resulted in smoke transport and impacts on air 

quality more than 4,000 kilometers away in New York 

City. Impacts to nearby communities include toxicants in 

nearby buildings, soils, and water streams.

National monitoring networks provide some data 

for assessing exposures of routinely monitored air 

pollutants, such as fine particulate matter, that are 

associated with emissions from WUI fires; however, data 

are very sparse on the gas- and particle-phase smoke 

composition specifically associated with WUI fires, and 

how it is transformed over short and long distances. 

The resulting plume composition changes over time 

(from minutes to days) due to atmospheric chemistry 

and physical processing, leading to changes in pollutant 

composition, and the resulting exposures, downwind of 

fires. While a dominant route of exposure is inhalation, 

contaminated water and soil downwind of wildfires can 

also impact exposures through ingestion. 

HUmAN HeALtH ImpACtS 

As is the case with understanding emissions and 

exposures, there is limited information about health 

impacts that are specific to WUI fires. Current literature 

FIGUre 1  Impacts of WUI fires can affect millions of people outside the fire zone, depending on the location of nearby 
cities. Smoke from major fires sometimes affects air quality on a continental scale.
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largely focuses on exposures and health impacts related 

to smoke inhalation, but do not include ingestion and 

dermal pathways for fire pollutants. Effects of smoke 

inhalation include myocardial infarction, ischemic 

heart disease, dysrhythmia, heart failure, pulmonary 

embolism, ischemic stroke, and transient ischemic 

attack. Asthma exacerbations are significantly associated 

with exposure to wildfire smoke, and exacerbations 

of chronic obstructive pulmonary disease (COPD) are 

significantly associated with greater contaminant 

amounts and exposure to wildfire smoke in most studies. 

Within exposures to the general public, specific groups 

may experience greater impacts, such as children, 

pregnant people, older adults, and immunocompromised 

people, as well as communities who experience 

disproportionate environmental and social stressors. 

For example, children are especially vulnerable to air 

pollution effects due to their small body mass and rapid 

breathing rates, leading to higher exposure doses than 

adults. Low-income communities often do not have 

adequate cooling in their homes to allow for keeping the 

windows closed during the wildfire season or to afford 

home air cleaners for particle and chemical filtration.

Emergency responders, such as firefighters, are at risk 

for injury, death, and acute and chronic health impacts 

of wildfires, as well as mental health effects due to 

trauma. Outdoor workers, such as farmworkers and 

utility workers, are at elevated risk for respiratory effects 

of smoke and associated pollutants, and this may be 

coupled with pre-existing medical conditions. 

meASUremeNt SCIeNCe

The report outlines the diverse data needs associated 

with understanding the chemistry of WUI fires and 

their emissions, which range from collecting data on 

fuel characteristics of heterogeneous structures, to 

measuring the concentrations, exposures, and health 

impacts of large numbers of toxicants, many of which 

will be present at trace levels. Collecting much of this 

data is challenging, since identifying toxicants in WUI 

fire plumes requires fine spatiotemporal resolution. Data 

and measurement needs are interconnected, as shown in 

Figure 2. Because of this interconnection, a coordinated 

approach to data collection, from fuel and emission 

characterization to exposures, is desirable. Use of 

consistent measurement methods and collection of data 

on chemical species over their entire cycle from emission 

FIGUre 2  Data collection and research needs for WUI fires are interdependent. Information about at-risk communities and vulnerable populations 
can help define the types of structures and potential fuels at the WUI. Data on fuel compositions will determine combustion pathways. The chemical 
species formed will determine which atmospheric reaction pathways will be most important. The atmospheric chemistry and transport will determine the 
toxicants to which communities are exposed and the manner of the exposure. Exposures will determine health impacts.
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to exposure will enhance the value of all of the data that 

are collected. 

reSeArCH AGeNDA

Research on emissions from WUI fires can build on 

the extensive knowledge base developed for wildland 

fires, but understanding the impacts of WUI fires will 

require new information. The report recommends that 

researchers and agencies that fund research implement 

an integrated, multidisciplinary research agenda to 

study the impacts of WUI fires. Agencies funding and 

investigators performing research should coordinate their 

research plans and create widely accessible repositories 

for data and information relevant to WUI fires. 

Commitment to both long term progress and immediate 

action on improving understanding of WUI fires would 

benefit communities throughout the United States 

and the world. Policy-relevant research findings and 

actionable messaging could include recommendations 

for building materials to be used in WUI communities, 

strategies for reducing fire risks, public information 

regarding the effectiveness of measures to mitigate 

exposures, and community mappings of toxicant 

precursors, accessible to decision-makers. Areas where 

rapid action could have immediate benefits include:

• Developing data systems to enable communities 

to predict the chemical composition of materials 

present in structures at threat from WUI fires. These 

data systems could include estimates of metal, 

halogen, and other chemical loadings in structures.

• Adding measurements of targeted WUI toxicants 

to air and water quality monitoring systems; these 

measurement systems could be rapidly deployed to 

areas impacted by WUI fires.

• Establishing information repositories on toxicant 

data, best practices for mitigation measures, and 

best practices for information dissemination; 

state agencies could lead in coordination of data 

collection; data consistency, quality and access could 

be addressed at a national level, and at all levels, 

communication and dissemination strategies for 

vulnerable and at-risk community populations could 

be developed.
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Summary1 

 
Wildland fire activity in the United States is increasing as climate change drives more frequent 

extreme weather events, including heat waves and droughts. Growth in wildland fire size and intensity 
has also been driven by historical land management practices that emphasized fire exclusion. 
Simultaneously, urban development has been expanding into wilderness areas, and fires at the interface 
between urban and wildland areas are also increasing.  

The wildland-urban interface, or WUI, is conceptually defined as the area where structures and 
other human development meet undeveloped wildland or vegetation fuels. Many slight variations on this 
broad definition exist, and this report uses a specific definition based on the densities of structures and 
how those structures either intermix or interface with wildland. In these WUI areas, the combination of 
natural and human-made materials that burn in fires leads to additional atmospheric emissions, residues, 
and effluents not typically found in wildland fires. The reactive emissions from the combustion of urban 
structures will alter the chemistry of WUI fires from that of wildland fires. Wildland fires will also alter 
the combustion of urban structures, with structures at the WUI generally burning from the exterior 
inward, rather than the interior outward, leading to different emissions than those encountered in urban 
structure fires. WUI fires may also lead to higher human exposures than wildland fires because of their 
proximity to communities, and because individuals whose occupations bring them in proximity to 
wildland fires are increasingly being exposed to WUI-type fires. While WUI fires lead to emissions that 
are different than for wildland and urban fires, the precise nature and extent of those differences is not 
well understood.  

As efforts are made to understand fire dynamics; fire progression; emissions, effluents, and 
residues from fires; and human exposure to toxicants at the WUI, the interdisciplinary quality of this 
problem has led to the involvement of multiple governmental agencies. To enhance their efforts, the 
National Institute of Standards and Technology (NIST), the Centers for Disease Control and Prevention 
(CDC), and the National Institute of Environmental Health Sciences (NIEHS) asked the National 
Academies of Sciences, Engineering, and Medicine (the National Academies) to evaluate how 
information about chemistry can be used to inform the mitigation of acute and long-term health effects of 
WUI fires and to recommend chemistry research that could help to inform decision-makers charged with 
mitigating wildfire impacts. To address this request, the National Academies created the Committee on 
the Chemistry of Urban Wildfires, which prepared this report. 

Three overarching themes of the committee’s work were the growing importance of WUI fires, 
the complexity of the topic, and the lack of data specifically relevant to the chemistry of fires at the WUI. 
Tens of millions of homes are currently found in WUI communities; this number of structures is growing, 
and the risk to these communities from fires is growing. Health risks associated with toxicants from WUI 
fires can persist well beyond the active burning of the fire, due to contamination of the ecosystem (water 
and soil) and built environments. Health impacts can also extend well beyond the WUI communities, as 
smoke can be transported for hundreds to thousands of kilometers. While toxicants from WUI fires are a 
recognized problem, their variability and complexity present significant challenges. For example, the 
emissions from a WUI fire can vary depending on whether the fire burns homes, cars, or commercial 
areas; even a subset of these fuel types can vary, such as homes of different ages made of different 
materials. Emissions vary depending on fuel composition, fire characteristics, and the heating dynamics 
that the fuels experience. Human exposure can vary greatly, depending on weather patterns during and 
after the fire, personal activities, and the living and working circumstances of the people exposed. While 
few data are available on emissions and exposures from fires at the WUI, knowledge of the chemistry, 

                                                           
1 This Summary does not include references. Citations for the findings presented in this Summary appear in 
subsequent chapters of the report. 
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emissions, exposures, and health impacts of wildland fires and urban fires can be combined to 
hypothesize characteristics of WUI fires. Throughout the report, the committee examines what is known 
of wildland fires and urban fires and uses that information to identify potential emissions, exposures, and 
health impacts of WUI fires. The committee also recommends that the collection of data is needed to 
more definitively characterize the variability and overall acute and chronic impacts of WUI fires to the 
environment and human health. This summary presents an overview of each topic and the proposed 
research agenda. 
 

FUEL, COMBUSTION, EMISSIONS 
 

Emissions from fires in the WUI can differ greatly from emissions from wildland fires. The fuels 
burned in WUI fires have different compositions, densities, and quantities of combustible materials than 
the vegetative biomass combusted in wildland fires. The urban materials and their characteristics impact 
the combustion conditions, the chemical reaction pathways that dominate during combustion, and the 
emissions to the air and the residues that remain. 

Few data are available on the fuels, combustion characteristics, and emissions, effluents, and 
residues from WUI fires. Characteristics of these fires can currently be inferred only from the 
superposition of the characteristics of wildfires and urban fires. Numerous lab studies and field efforts 
have investigated wildland fire emissions, leading to estimates of emissions of multiple individual 
chemical species and of multiple types of particulate matter. A detailed understanding of the relationships 
between fuel loading, fire emissions, and fire conditions remains an area of active investigation. The 
research community’s knowledge of emissions from the combustion of urban materials is derived largely 
from studies of the toxicity of emissions from enclosure fires (i.e., a fire within a room or compartment 
inside a building) or from laboratory test methods simulating enclosure fire conditions. These studies 
have demonstrated how both the material composition and the amount of oxygen available strongly 
impact the emissions of some toxicants. However, very little is known about urban fuel chemical 
composition and these fuels’ effects on combustion processes, the types of species emitted, and species’ 
interactions under different fire conditions.  

Integrating the current knowledge of wildland and urban fires into approximations of what may 
occur in WUI fires can provide directional guidance about the chemistry leading to emissions from WUI 
fires, but the data needed to characterize that chemistry are presently very sparse. Although WUI fires are 
increasing in frequency and in magnitude, very little is known about the emissions from WUI fires. Much 
of the current research on WUI fires has centered on ignition mechanisms and the characteristics of the 
built environment that lead to destructive fires. Even when data are available for wildfires that affect 
structures, it is difficult to separate the emissions that are unique to the WUI from those that result from 
wildland or urban combustion.  

Using what is known about the materials in the WUI environment, and combustion conditions, 
the committee examined how different fuels, the fuel loading and distributions, and a myriad of factors 
could affect predictions of combustion characteristics and emissions for WUI fires. The WUI fuels differ 
from the vegetative biomass found in wildlands, particularly in chemical elements and materials of 
concern, such as halogens, plastics, and metals, which exist in much higher concentrations in the WUI. 
Potential reaction pathways and resulting emissions, effluents, and residues from WUI fires are 
postulated. Following the approaches used in wildland and urban fires, emission factors are used to 
summarize this information, but emission factors for WUI fires are currently speculative. Major chemical 
classes emitted from urban fires and wildfires are also reviewed to lay the foundation for assessing the 
human health and environmental impacts. 
 

ATMOSPHERIC TRANSPORT AND CHEMICAL TRANSFORMATIONS 
 

Emissions from WUI fires can substantially, negatively impact human health and quality of life, 
not only in the vicinity of the fire but also hundreds to thousands of kilometers downwind. This can affect 
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millions of people outside the fire zone, depending on the location of nearby cities. Smoke from major 
fires sometimes affects air quality on a continental scale. 

National monitoring networks provide some data for assessing exposures of routinely monitored 
air pollutants, such as fine particulate matter, that are associated with emissions from WUI fires; however, 
data are very sparse on the gas- and particle-phase smoke composition specifically associated with WUI 
fires, and how it is transformed over short and long distances. WUI smoke composition is dynamic within 
the fire zone and differs from wildfire smoke because of the different materials combusted in the WUI. 
The resulting plume composition changes over time (from minutes to days) due to atmospheric chemistry 
and physical processing, leading to changes in pollutant composition, and in the resulting exposures, 
downwind of fires. The impact of the unique WUI emissions and chemistry on regional exposures is not 
well understood. While a dominant route of exposure is inhalation, it is important to also recognize that 
wet and dry atmospheric deposition can be a source of contaminated water and soil downwind of 
wildfires and thus also impact exposures through ingestion. Additional WUI emissions known to be water 
soluble or found in wet deposition may also contribute to water/soil contamination and exposure through 
WUI-associated deposition.  
 

WATER, SOIL, AND BUILDING CONTAMINATION 
 

Combustion reactions for materials at the WUI (e.g., household components such as siding, 
insulation, textiles, and plastic, as well as the combustion of biomass) result in significant emission of 
potential toxicants to the surrounding environment. Although a significant part of these emissions, 
effluents, and residues are in the gas phase, there are also pathways for the mobilization (or partitioning) 
of some of these toxicants into nearby buildings, soils, and water streams. There is also the possibility of 
toxicants in the plume to be deposited downwind of the fire area, as has been observed in long-term 
studies on the impact of wildland fires. Finally, the active process of firefighting could add contaminants 
to the immediate area, in the form of flame retardants and other compounds.  

All of these processes can impact the immediate conditions after the fire, which are critical as 
first responders and community residents arrive back in the area to assess damage. There is a dearth of 
peer reviewed data documenting the specific impacts of WUI fires on water, soil, and settled dust 
contamination in built environments, with only a few studies providing critical information on potential 
impacts.  
 

HUMAN EXPOSURES, HEALTH IMPACTS, AND MITIGATION 
 

The identification of chemicals of concern for human exposure, environmental justice and 
vulnerable populations, and health impacts from WUI fire emissions is affected by the data limitations 
described above. The committee assessed potential exposures at multiple scales, from the immediate fire 
zone, where emergency responders such as firefighters experience direct exposure to heat and high 
concentrations of fire emissions, to the regional and continental levels, where WUI fire smoke can have 
an extended impact. Adverse health effects associated with exposure to fire emissions have been 
measured hundreds of kilometers downwind, such as the 240-km-downwind impacts of the 2018 Camp 
Fire on California Bay Area residents, to well beyond 1,000 kilometers, such as the 2016 Horse River 
Fire, which started near Fort McMurray, Alberta, Canada, and resulted in smoke transport and impacts on 
air quality more than 4,000 kilometers away in New York City. Much of the information presented in the 
report draws on studies from wildland fires, with limited WUI-specific information. More data specific to 
WUI fires may provide additional insights to inform research, policies, mitigation practices, and practices 
that reduce exposure and negative health impacts. 

The current literature largely focuses on exposures and health impacts related to smoke 
inhalation. These include myocardial infarction, ischemic heart disease, dysrhythmia, heart failure, 
pulmonary embolism, ischemic stroke, and transient ischemic attack. Asthma exacerbations are 
significantly associated with exposure to wildfire smoke. Exacerbations of chronic obstructive pulmonary 
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disease (COPD) are also significantly associated with greater contaminant amounts and exposure to 
wildfire smoke in most studies.  

Within exposures to the general public, specific groups may experience greater impacts, such as 
children, pregnant people, older adults, and immunocompromised people, as well as communities who 
experience disproportionate environmental and social stressors, such as those of lower socioeconomic 
status, some non-white racial and ethnic groups, and tribal populations. Heightened vulnerability to 
wildfire emissions includes higher health responses to a given level of exposure. For example, children 
are especially vulnerable to air pollution effects due to their small body mass and rapid breathing rates, 
leading to higher exposure doses than adults. Adults may also experience multiple aspects of vulnerability 
such as differential exposures, ability to adapt, and health response, which can be related to the 
availability of language-appropriate and culturally appropriate information and medical care, access to 
quality health care, and other structural factors. Additionally, low-income communities often do not have 
adequate cooling in their homes to allow for keeping the windows closed during the summer heat when 
wildfires are typically present. They also may not be able to afford the purchase of home air cleaners for 
particle and chemical filtration. 

Emergency responders, such as firefighters, are at risk for injury, death, and acute and chronic 
health impacts of wildfires, as well as mental health effects due to trauma. Outdoor workers, such as 
farmworkers and utility workers, are at elevated risk for respiratory effects of smoke and associated 
pollutants, and this may be coupled with preexisting medical conditions. Additional vulnerability factors 
related to occupational settings may include elevated outdoor air and dust exposures to chemicals and 
particles, amount of time spent outdoors, and available protective respiratory equipment and training. 
Post-fire clean-up can also lead to exposure to fire residues for a wide variety of populations.  

As in other problem areas that seek to estimate the emissions, exposures, and health impacts 
associated with WUI fires, there is limited information on human exposures that is specific to WUI fires.  
 

MEASUREMENT SCIENCE 
 

Throughout the report, the committee outlined the diverse data needs associated with 
understanding the chemistry of WUI fires and their emissions, which range from collecting data on fuel 
characteristics of heterogeneous structures, to measuring the concentrations, exposures, and health 
impacts of large numbers of toxicants, many of which will be present at trace levels. Collecting much of 
this data is challenging, since materials burned in WUI fires are heterogeneous, and identifying their 
contributions to WUI fire plumes requires fine spatiotemporal resolution. 

Data and measurement needs are also interconnected, as shown in Figure S-1. Information about 
at-risk communities and vulnerable populations can help define the types of structures and potential fuels 
at the WUI. Data on fuel compositions will determine combustion pathways. The chemical species 
formed during combustion will determine which atmospheric reaction pathways will be most important. 
The atmospheric chemistry and transport will determine the toxicants to which communities are exposed 
and the manner of the exposure. Exposures will determine health impacts. Because of this 
interconnection, a coordinated approach to data collection, from fuel and emission characterization to 
exposures, is desirable. Use of consistent measurement methods and collection of data on chemical 
species over their entire cycle from emission to exposure will enhance the value of all of the data that are 
collected.  

Data and measurements are also needed on various timescales. Retrospective studies of fuels, 
fires, emissions, exposures, and health impacts, in the field, in laboratories, and via modeling, will be 
important to improve the understanding of the chemistry of WUI fires. These types of studies will benefit 
from coordinated databases and information repositories that allow efficient sharing of information and 
methods. Decision-makers charged with mitigating the impacts of WUI fires, and informing the public 
with information to mitigate exposure to toxicants, will also need access to well-organized information, 
but their information needs will be much more immediate, requiring rapid access and a near-real-time 
response. 
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FIGURE S-1 The interdependence of multidisciplinary WUI fire emission research activities. 
 
 

RESEARCH AGENDA 
 

 WUI fires have the common characteristics of fuel mixes that are distinct from both wildland and 
urban fires, and a combustion chemistry that is spatially and temporally heterogeneous. These unique 
characteristics of WUI fires can lead to toxicants and exposures that are largely uncharacterized. The 
committee identified research that could (1) improve understanding of the fuels and emissions associated 
with WUI fires; (2) characterize the chemistry, transport, and transformations of emissions; and (3) 
quantify exposures and health effects that result from WUI fire emissions. In addition, the committee 
identified improvements in measurement science and analytics that could make broad contributions to 
improve research capabilities. Priority research needs within this broad agenda are summarized in Table 
S-1. Priority research areas were identified based on the information needs of decision-makers, the 
timeliness and cost effectiveness of research initiatives, the magnitude of the effect being investigated, 
and the potential impact of broad scientific capabilities. The relative importance of these prioritization 
criteria were not explicitly weighted; individual chapters describe the criteria used in the choice of 
priority research areas and also define a broader set of research needs than those summarized in Table S-
1. To be most effective, the research agenda should be carried out with multidisciplinary teams who 
integrate work that ranges from hazard identification and emission characterization to measurement of 
exposures and health outcomes. 
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TABLE S-1 Research Priorities for Fires at the Wildland-Urban Interface (WUI)  

 Fuels and emissions 
Chemistry, transport, and 
transformations Exposure and health 

Measurement science and 
analytics 

Collecting WUI-
specific data 

Assemble data on fuels, emissions, chemistry, transformations, exposure, and health impacts that are attributable to fires at the WUI, differentiated 
from wildland fires and urban fires, which will require novel measurements and analyses 

Fundamental 
measurements 
and data 

- Map WUI communities, their 
material loadings, and the 
compositions 
- Identify combustion conditions and 
emissions typical of WUI fires 
- Examine interactions between 
human-made fuels and wildland fire 
fuels using mechanistic models and 
experiments at bench, and larger 
scales 

- Identify primary toxicants emerging 
from WUI fires  
- Identify secondary species with 
toxic potential, formed from the 
atmospheric aging of WUI fire 
emissions 
- Gather existing data on air, water, 
and soil testing associated with WUI 
fires into an accessible database 

- Improve understanding of indoor 
penetration and composition of 
WUI fire smoke 
- Evaluate health implications of 
smoke constituents, and exposure 
to constituents in water 

- Develop new analytical 
capabilities for measuring 
chemical, particle, and biological 
indicators of WUI fire toxicants in 
studies on emission, exposure, and 
health outcomes 

Field and 
population 
studies 

- Assess fuels, consumption, and 
emissions of WUI fires 
- Perform coordinated, multi-
platform, multimedia studies of 
WUI fire energetics and emissions 

- Identify dominant daytime and 
nighttime atmospheric oxidants in 
WUI fire plumes 
- Identify the key precursors and 
formation pathways of secondary 
species with toxic potential, formed 
by the gaseous, aqueous, multiphase, 
and catalytic reactions in plumes  
- Identify key chemical species that 
can impact water and soils 

- Characterize multi-route and 
multimedia exposures and health 
impacts  
- Improve understanding of acute 
and long-term health effects of 
WUI fire toxicant exposures 
- Improve exposure measurements 
for WUI fire emissions 

- Optimize analytical methods for 
field deployment and increased 
accessibility 
- Develop biomarkers specific for 
WUI fires that can be used for 
exposure and toxicity assessment 
- Develop standard procedures for 
testing water and soil after WUI 
fires; establish databases of testing 
studies 

Prediction, 
assessment, and 
exposure-
mitigation 
capabilities 

- Develop risk assessment 
procedures for WUI fires 
- Develop predictive models of WUI 
fire combustion and emissions 
- Identify strategies at a structure, 
neighborhood, and community level 
to mitigate WUI fire risk 

- Develop condensed chemical 
mechanisms and sub-grid-scale 
processing needed for regional 
modeling of WUI fire emissions 
- Create improved retrospective and 
prospective models of WUI fire 
exposures  
- Evaluate risks to community water 
systems and response plans 

- Measure the effectiveness of 
interventions for firefighters 
- Expand identification of 
vulnerable populations and 
culturally appropriate 
interventions 
- Develop health equity 
considerations for WUI fire 
exposures 

- Deploy multi-scale sensing 
capabilities to assess chemical 
compositions of WUI fire plumes 
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Recommendation 1: To understand the chemistry, exposures, and health impacts of toxicants 
resulting from WUI fires, researchers and agencies that fund research should implement an 
integrated, multidisciplinary research agenda. Agencies funding, and investigators performing, 
research on WUI fire emissions should coordinate their research plans, and they should create 
widely accessible repositories for data and information relevant to WUI fires. 

 
Implementing an effective research agenda will be challenging. Research has been conducted on 

emissions from wildland and urban fires for decades, and this research has led to significant advances in 
understanding of wildland fuels, wildland fire emissions, transformation and transport of emissions, and 
health impacts of toxicant exposures. There is still very little confidence, however, in making connections 
such as the impact of fire intensity to emission composition and downwind chemical evolution. Similar 
experiences are to be expected in research on WUI fire emissions. Research on emissions from WUI fires 
can build on the extensive knowledge base developed for wildland fires, but understanding the impacts of 
combustion of mixed wildland and urban fuels will require new information on fuels, emissions, transport 
and transformations, and health impacts of toxicant exposures. Making connections between research 
areas from emissions to exposure and health impacts will continue to be a challenge. The variability in the 
types of structures in WUI communities and the types of fire hazards that communities and vulnerable 
populations are exposed to also spans a wide range, and will add complexity. Building a comprehensive 
and fundamental body of knowledge on WUI fires will require a long-term effort. 

The information needed to understand toxicants emerging from wildfires, structural fires, and 
WUI fires; their effects; and who they affect spans a broad range of scientific disciplines. Research 
findings from each of these disciplines need to be continuously communicated across disciplinary 
boundaries because each step in the chain—from hazard identification to quantification of exposures and 
health effects—depends on information emerging from other steps. This trans-disciplinary data and 
information sharing process could begin with information available on emissions from wildland and 
urban structure fires and be expanded to include information and data from WUI fires. This information 
sharing process could also include expansion of existing mechanisms for communication with decision-
makers and the public, such as www.ready.gov/wildfires. 
 

Recommendation 2: Those implementing research programs should design and implement a 
multidisciplinary WUI research program that includes the development of tools, resources, and 
messaging designed to inform a wide variety of decision-makers charged with mitigating 
wildland and WUI fire impacts. They should also create periodic summaries of policy-relevant 
research findings, and actionable messaging for decision-makers working with at-risk 
communities and vulnerable populations. 

 
Policy-relevant research findings and actionable messaging could include recommendations for 

building materials to be used in WUI communities, strategies for reducing interior environment fire risks, 
public information regarding the effectiveness of measures to mitigate exposures, and community 
mappings of toxicant precursors, accessible to decision-makers.  

More than 40 million homes in the United States are located at the WUI. Diverse and vulnerable 
populations will be increasingly exposed to hazards from WUI fires. The development of a 
multidisciplinary WUI research program, summarized in Table S-1, will have long-term benefits, but 
immediate action is also needed. The committee identified a number of areas where rapid action could 
have immediate benefits. These areas are listed in Box S-1. Commitment to both long-term progress and 
immediate action on improving the understanding of WUI fires would benefit communities throughout 
the United States and the world.  
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BOX S-1 Priorities for Near-Term Research 
 
● Developing data systems to enable communities to predict the chemical composition of materials present in 

structures at risk from WUI fires. These data systems could include estimates of metal, halogen, and other 
chemical loadings in structures. 

● Adding measurements of targeted WUI toxicants to air- and water-quality monitoring systems. These 
measurement systems could be rapidly deployed to areas impacted by WUI fires. 

● Establishing information repositories on toxicant data, best practices for mitigation measures, and best 
practices for information dissemination. State agencies could lead in the coordination of data collection; 
data consistency, quality, and access could be addressed at a national level, and at all levels, communication 
and dissemination strategies for vulnerable and at-risk community populations could be developed. 
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1  
Introduction 

 
This chapter introduces the motivation for this consensus report. It begins with an overview of 

fires at the wildland-urban interface (WUI) and why they deserve attention. It discusses prior work, which 
this report builds upon, that helps frame the issue. It presents the statement of task for the National 
Academies of Sciences, Engineering, and Medicine (the National Academies) committee responsible for 
the findings and recommendations in this report and the committee’s approach to this task, including its 
consideration of equity issues surrounding data availability and disparities in the impact of these fires. 
The chapter concludes with a description of the organization of the rest of the report.  

 
WILDFIRES AT THE WUI 

 
 Wildfire activity in the United States is increasing as more frequent extreme weather events, 
including heat waves, droughts, and lightning activity, cause wildfires (Ahrens, 2013; Schwartz and 
Penney, 2020). Combined extreme heat and drought conditions have occurred more frequently across 
North America over the last century (Alizadeh et al., 2020), and fire seasons have lengthened by a global 
average of 18 percent from 1979 to 2013.1 Growth in wildland fire size and intensity has also been driven 
by historical land management practices that emphasized fire exclusion and allowed the buildup of 
potential wildland fire fuels. Simultaneously, the WUI has continued to expand further into formerly 
wilderness areas (Radeloff et al., 2018). Since 1990, 41 percent of new housing units in the United States 
have been built in the WUI (Radeloff et al., 2018). Climate change is inextricably linked to these issues, 
as it contributes to extreme weather conditions that increase fire activity and is affected by land use 
changes like the expansion of the WUI (USGCRP, 2018). The combination of these factors has led to an 
increase in WUI fires. 

The chemistry and ultimate health impacts of WUI fires are still poorly understood. WUI fires 
lead to higher human exposures than remote wildland fires because of their proximity to communities. 
They also have unique chemistry due to the combination of natural and human-made fuels that are 
burned, which may lead to the formation or release of toxic emissions not found in purely wildland fires. 
 Economic impacts of WUI fires are also significant. A 2017 report by the National Institute of 
Standards and Technology (NIST) estimated the economic impacts associated with wildfires in the United 
States, including WUI fires, as between US$71 billion and US$347 billion per year. These economic 
impacts include both costs, such as preventive measures and disaster response, and losses, such as 
injuries, mental health impacts, disease or exacerbation of existing health conditions, and deaths. 
Economic valuation of loss of life accounted for US$28 billion to US$202 billion of the total economic 
impacts (Thomas et al., 2017). Chapter 2 expands on this discussion of the definition, causes, and impacts 
of WUI fires. 

The expanding problem of WUI fires has led to research targeted at understanding fire dynamics 
and fire progression at the WUI. Post-incident analyses of operational responses, disaster management, 
and risk communication associated with WUI fires have also become more detailed as more real-time 
incident data are collected (Gaudet et al., 2020). The highly interdisciplinary character of this problem has 
led to the involvement of multiple agencies at the federal level for scientific research, emergency 
preparedness, and disaster response. The Wildland-Urban Interface Fire Group at NIST conducts research 

                                                           
1 Fire season is defined by the US Forest Service as “1) Period(s) of the year during which wildland fires are likely 
to occur, spread, and affect resource values sufficient to warrant organized fire management activities. 2) A legally 
enacted time during which burning activities are regulated by state or local authority.” (see 
https://www.fs.fed.us/nwacfire/home/terminology.html)  
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to understand and predict the spread of WUI fires, including the investigation and reconstruction of key 
case studies like California’s Camp Fire in 2018 (Maranghides et al., 2021). The Centers for Disease 
Control and Prevention (CDC) runs multiple programs dedicated to wildfire disaster preparedness and 
response through their National Center for Environmental Health and Natural Disasters and Severe 
Weather division. The National Institute of Environmental Health Sciences (NIEHS) operates a Worker 
Training Program to support the health and safety of people involved in wildfire response operations. 
CDC and NIEHS recognize that those individuals whose occupations bring them in proximity to wildfires 
and their aftermath are increasingly being exposed to WUI-type fires. 

To enhance their efforts, CDC, NIEHS, and NIST asked the National Academies to evaluate 
chemistry information that would improve the mitigation of acute and long-term health effects of 
residential burning during wildfires and to recommend chemistry research that could help to inform 
decision-makers charged with mitigating wildfire impacts on the general public. As a result of the request, 
the National Academies convened the Committee on the Chemistry of Urban Wildfires, which prepared 
this report. 
 

THE COMMITTEE AND ITS TASK 
 
 The committee convened in response to the sponsors’ request included experts in atmospheric 
chemistry, combustion chemistry, environmental chemistry, toxicology, and exposure science. Appendix 
B provides biographical information on the committee. The committee was asked to review the relevant 
state of the science and recommend chemistry research that could fill critical data gaps and help inform 
decision-makers charged with mitigating wildfire impacts on the general public. The Statement of Task is 
provided in Box 1-1. 
 

BOX 1-1 Statement of Task 
 
The National Academies of Sciences, Engineering, and Medicine will convene an ad hoc committee to describe 
chemistry information that would improve mitigation of acute and long-term health effects of residential burning 
during wildfires at the wildland-urban interface. That description will be based on decision-maker needs and the 
state of relevant science, such as (1) the chemical processes undergone by materials unique to urban structures 
and otherwise not present in wildland areas that undergo combustion during wildfires; (2) the identity of chemical 
species present in urban wildfire combustion products and debris; and (3) what is known about human exposure 
and relative importance of various human exposure pathways (in the air, water, and soil) for key chemical 
species, as well as challenges in collecting data to fill important data gaps. The committee’s analysis will lead to a 
report with findings and recommendations that describe opportunities for chemistry research to fill decision-
critical gaps and inform decision-makers charged with mitigating wildfire impacts on the general public. 

 
THE COMMITTEE’S APPROACH TO ITS TASK 

 
To accomplish its task, the committee convened a public workshop to gather information relevant 

to its task and held seven committee meetings to deliberate and reach its conclusions and 
recommendations. In addition to the workshop, committee members used their subject-matter expertise to 
independently compile available literature specific to WUI fires and, when in their judgment it was 
relevant, non-WUI wildfires. Early in its work, the committee identified the broadly interdisciplinary 
nature of its task as a barrier to applying consistency to the reporting of available evidence. For example, 
the types of studies available about combustion conditions and emission factors include laboratory-, 
bench-, and field-scale studies and often report dimensionless ratios, while studies examining health 
effects fall into different categories (e.g., epidemiological, observational, in vivo). The committee 
recognized that this problem exists in many interdisciplinary fields of research and is not unique to WUI 
fire chemistry; creating a new system for integration of the best available scientific information in each 
discipline was deemed beyond the study’s scope. Therefore, the committee proceeded to use the highest-
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quality evidence in each scientific discipline while recognizing the eventual need to integrate information 
across multiple scientific disciplines. The report prioritizes information available in peer-reviewed 
sources. 

The committee considered various issues and made several decisions in interpreting its charge. 
First, it considered the sequence of chemical processes that occur, from the initial burning of fuel sources 
in WUI fires to the chemical products generated by the fires. In considering fuel sources for fires at the 
WUI, the committee recognized that burned areas could include residential, commercial, and industrial 
sources but focused its attention on materials present in residences, because residences constitute a large 
fraction of structures burned at the WUI. The committee also recognized that combustion products 
depend on the intensity of the fire and the nature of heat transfer to fuels of both natural and human-made 
origin. The committee understood that fires at the WUI can be more intense than urban residential fires 
and that WUI fires often burn structures from the outside in, rather than the typical pattern of residential 
fires burning from the inside out. The committee recognized potential synergies in the combustion 
chemistry associated with materials involved in WUI fires: the chemical processes associated with the 
combustion of wildland fuels and fuels associated with the built environment will interact in WUI fires in 
potentially important ways.  

Second, the committee considered human exposures during the active phase of the fire and post-
fire activities. The populations it considered included the local communities in the burned region, first 
responders, communities that are exposed to regional plumes, and people who are involved in clean-up 
activities. The wide distribution of exposed communities made it important for the committee to consider 
chemical transformations of the initial combustion products over local and regional scales, and how those 
transformations are influenced by local and regional environmental conditions. Although a primary focus 
was on inhalation exposures, the committee also considered ingestion and dermal exposure routes that 
could be important in the exposed populations. The committee recognized the importance of considering 
affected communities through the lens of equity and environmental justice. Because the Statement of 
Task focuses on human exposure and health impacts, the committee decided that discussions of 
ecological impacts and long-term environmental fate were out of scope for this report. 

Third, the committee recognized that WUI fires have the potential to generate a wide array of 
chemicals and that many chemical exposure pathways are relevant. To address its charge of identifying 
critical information gaps, the committee qualitatively considered categories of potential health effects 
associated with exposures but did not attempt to quantify effects where such analyses did not already exist 
in the literature. Exposures can be acute or chronic, depending on their magnitude and duration, and 
health effects can be acute or chronic, or have a delayed onset. The committee identified a number of 
potential effects on populations in the near-fire area, regionally, and on continental scales. 

Finally, although the work of the committee can inform mitigation measures such as reducing the 
use of materials in structures at the WUI that might lead to combustion products that have adverse health 
effects, the committee did not directly evaluate mitigation policies or measures. Because the work of the 
committee assesses what is known and identifies critical information gaps associated with exposures to 
chemical releases from WUI fires, this report can help to inform communications with exposed 
populations during fire events. 
 

THE COMMITTEE’S APPROACH TO EQUITY 
 

The committee recognized that its discussions, findings, and recommendations must involve 
intentional considerations of equity and, during the course of the study, aimed to identify inequities and 
structural barriers and describe science-based opportunities to promote greater access and improved 
outcomes for vulnerable and marginalized groups. The committee acknowledges that health equity is a 
much larger issue that is a factor in types of exposures other than WUI fire exposure; however, it believes 
it is important to address in this report as it relates to the committee’s task. 
 The disproportionate vulnerability of certain groups to effects from WUI fires can be seen 
through a few simple examples: 
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1. Smoke impacts community air quality at a regional and even continental scale, far outside the 

evacuation zone. Individuals’ inhalation exposure to smoke is dependent in part on how airtight 
their dwelling is (how recently it was built; whether there is a heating, ventilating, and air-
conditioning [HVAC] system) and whether they have the financial means to reduce indoor 
concentrations of smoke or to relocate to an area with better air quality. 

2. Exposure to pollutants from WUI fires is increased for people who work outdoors. These jobs 
tend to be more physically demanding, increasing respiratory exchange with polluted air and 
therefore inhalation exposure. 

3. Children, pregnant people, older adults, and people with preexisting conditions all have 
heightened susceptibility to health effects from exposure to toxicants from WUI fires, through 
inhalation or other routes of exposure. 

 
The committee discussed inequity throughout the report; however, the majority of the report’s 

related findings and recommendations can be found in Chapter 6, “Human Exposures, Health Impacts, 
and Mitigation.” 
 

PRIOR RELATED WORK BY THE NATIONAL ACADEMIES 
 
 This study focused specifically on fires at the WUI; however, the committee recognizes that a 
great deal can be learned from studying wildland fire research. The National Academies has held three 
workshops in recent years to gather experts together and share knowledge related to specific aspects of 
wildfire issues in the United States. A 2017 workshop and proceedings entitled, A Century of Wildland 
Fire Research: Contributions to Long-Term Approaches for Wildland Fire Management focused on fuel 
management and preventative measures that wildland fire managers, policy makers, and communities can 
implement to decrease wildfire incidence. A 2019 workshop and 2020 proceedings entitled, Implications 
of the California Wildfires for Health, Communities, and Preparedness focused on similar issues specific 
to California and expanded to include human health impacts of wildfires in the state. Most recently, a 
2020 workshop and 2022 proceedings on Wildland Fires: Toward Improved Understanding and 
Forecasting of Air Quality Impacts focused on atmospheric chemistry and exposure science but 
specifically excluded the WUI. These three prior efforts, while touching on topics related to chemistry 
and the WUI, did not focus on WUI fires or their chemistry. This report builds on these workshops and 
focuses on the specific problem of the chemistry of WUI fires. 
 

ORGANIZATION OF THIS REPORT 
 

This report is organized into eight chapters. Chapter 2 describes the history and characteristics of 
the WUI and fires at the WUI, and provides working definitions for key terms that the committee uses 
throughout the report. It concludes with five context-setting examples of recent, major WUI fires. 

Chapter 3 covers the materials, combustion, and emissions of fires at the WUI, emphasizing the 
differences between urban materials (often with higher concentrations of toxicants) and the vegetative 
biomass of wildlands. It summarizes what is known about the materials in the WUI environment, the 
combustion conditions, the dominant reaction pathways, and the resulting emissions from WUI fires. It 
highlights the complexity of the many intersecting factors that influence emissions: the material types and 
loading, and the arrangement of materials in the landscape; the many reaction pathways and the effects of 
conditions like temperature; and the combustion chemistry unique to WUI fires.  

WUI fires can affect populations at great distances away from the fire. Chapter 4 discusses the 
atmospheric transport and chemical transformations of WUI fire emissions. The chapter explores the 
atmospheric chemistry and physical changes (such as dilution) that lead to dramatic changes in the 
pollutant composition downwind of fires, although little data exist on these processes for WUI fires. A 
section covers current practices in modeling fire plumes as they move away from the fire. Chapter 4 
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emphasizes the atmospheric chemistry that informs inhalation exposures and the resulting health effects 
associated with WUI fires. 

While emissions from WUI fires can stay in the air, they also end up in the water and soil. 
Chapter 5 covers water and soil contamination, both near the fire and downwind. It discusses immediate 
impacts in the fire region and effects on community water systems, groundwater, and soil, as well as the 
deposition of contaminants downwind of a fire. It includes post-fire contamination associated with 
firefighting activities. Due to the lack of information on WUI fires, in some cases, information originally 
collected for wildland fires is extrapolated to WUI fires. 

Chapter 6 explores pollutants of concern for human exposure, environmental justice, and 
vulnerable populations, as well as ways to reduce exposure and mitigate the impacts of WUI fires. It 
addresses distance scales from the immediate fire zone, where people including firefighters experience 
direct exposure to heat and fire emissions, to the regional and continental levels, where WUI fire smoke 
can have an extended impact. It explores routes of exposure and the acute and chronic health impacts for 
all near- and far-field populations, including firefighters. It discusses specific interventions for firefighters 
and affected communities. The chapter includes information from both wildland fires and, where 
available, WUI fires. 

Chapter 7 describes the methods for collecting data on WUI fires and their emissions, focusing on 
the overall challenges in data collection and on the strengths and limitations of currently available 
techniques. Current methods include measuring the fire’s emissions at near and far locations and 
measuring exposure to humans via sampling the nearby environment, personal exposure measurements, 
and biomonitoring. The chapter also describes the analytical instruments and modeling techniques used. 

Chapter 8 summarizes the report and the information needs it identifies. It stresses the wide 
variety of types of information needed and the importance of multidisciplinary research teams. It presents 
the information needs as a research agenda. This agenda groups complementary tasks together and 
organizes priorities into four primary areas: (1) fuels and emissions; (2) chemistry, transport, and 
transformations; (3) exposure and health; and (4) measurement science and analytics. 
 The report concludes with five appendices. Appendix A provides a glossary of key terms used in 
this report. Appendix B presents biographical information about the committee. Appendix C contains a 
table summarizing the available data about the example fires described in Chapter 2 as a list of references. 
Appendix D contains the agenda for the public session held by the committee for information gathering 
purposes. Appendix E lays out the assumptions and engineering calculations that the committee used to 
create a table of combustible mass and energy content data in Chapter 3. 
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2 
Defining and Contextualizing WUI Fires 

 
This chapter describes how and why fires at the wildland-urban interface (WUI) have become 

more severe. Maps of WUI communities and fires in the contiguous United States illustrate the extent and 
distribution of WUI fires; however, quantifying the impacts of these fires, and even precisely defining the 
WUI interface, remains a challenge. An operational definition of the WUI as used in this report is 
provided, as are some descriptive examples of WUI fires. Key terms used throughout this chapter and the 
report are provided in Box 2-1. 
 

BOX 2-1 Key Terminology 
 
Fire plume: Air mass downwind of combustion zone, containing elevated concentrations of combustion products 
 
Interface WUI: Areas characterized by development (housing or other structures) located at the edge of a large 
area of wildland 
 
Intermix WUI: Areas characterized by alternating development (housing or other structures) and wildlands 
 
Wildland-urban interface (WUI): The community that exists where humans and their development meet or 
intermix with wildland fuel 

 
DEFINING THE WUI 

 
The WUI is conceptually defined as “the line, area, or zone where structures and other human 

development meet or intermingle with undeveloped wildland or vegetation fuels” (FMB, 2019). Many 
slight variations on this broad definition exist in government guidelines, academic research papers, and 
news coverage about the problem of WUI fires; however, this report required a more precise, technical 
definition. Therefore, this report uses a definition of the WUI adapted from the Federal Register (2001). 
The purpose of the Federal Register notice, from the US Department of Agriculture and Department of 
the Interior, was twofold: first, to precisely define the WUI; and second, to identify among WUI 
communities which areas are at high risk from wildfire based on a set of contributing factors. The 
definition of the WUI used in the Federal Register notice was modified from “A Report to the Council of 
Western State Foresters—Fire in the West—The Wildland/Urban Interface Fire Problem” dated 
September 18, 2000. Under this definition, “the urban wildland interface community exists where humans 
and their development meet or intermix with wildland fuel.” There are three categories of communities 
that meet the Federal Register definition of the WUI: interface, intermix, and occluded. The Federal 
Register notice included a list (created in collaboration with states and tribal entities) of hundreds of 
communities in proximity to federally owned wildlands that were at high risk of wildfire based on this 
definition (Federal Register, 2001). The list included communities that later suffered extensive damage 
due to fire after the publication of the notice, as described later in this chapter. 

The Federal Register also describes three factors that put WUI communities at higher risk of loss 
from wildfire: (1) the potential of the topology to intensify fires and the distribution of fuels; (2) the 
density of structures and the unique value of those structures; and (3) the lack of infrastructure to support 
firefighting response, primarily the accessibility of roads and sources of water. At Congress’s request, this 
Federal Register notice identified high-risk WUI communities to help the Departments of Agriculture and  
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the Interior plan and prioritize federal projects to reduce wildfire risk. Although these risk factors are 
important from a preventative perspective, this report addresses the chemistry taking place both during 
and after wildfire, not before; therefore, this report will not address these risk factors in detail. 

Subsequent analyses by the US Forest Service operationalized the Federal Register listing of 
WUI communities. These analyses provided a precise definition of interface and intermix communities 
that could be applied to areas not covered by the original notice (Figure 2-1; Stewart et al., 2007). 
Intermix communities have alternating areas of housing and wildland, whereas interface communities are 
at the edge of a large area of wildland. This definition allowed for the development of mappings and the 
quantification of the extent of these communities over time. 

Figure 2-2 provides mappings of interface and intermix communities in the contiguous 48 states 
in 2010. Today, about a third of all housing units in the United States are in the WUI. This is true even 
though only 9 percent of the total land area within the lower 48 states is WUI (Marks, 2021). (In vast 
wildland areas, very little WUI exists, but every house in these wildlands is in the WUI, as seen in the 
upper and lower panels, respectively, of Figure 2-2.) While both intermix and interface WUI communities 
are found across the United States, housing units in the intermix WUI are more highly concentrated in 
eastern states, while interface WUI communities (houses at the edge of a large wildland area) appear to be 
slightly more common in the West. Because of limitations in data availability that currently preclude 
making a distinction between intermix and interface from a chemistry perspective, the remainder of this 
report is written about the WUI overall (rightmost panel of Figure 2-2). 

In the two decades since the Federal Register definition was published, the WUI has evolved 
across the United States, primarily through expansion. Radeloff et al. (2018) used US Census data to 
estimate that from 1990 to 2010, the number of new houses in WUI communities in the United States 
grew from 30.8 to 43.4 million and land area grew from 581,000 to 770,000 km2. This made WUI land 
area the largest growing land use type in the contiguous United States. Figure 2-3 shows WUI areas in 
2010, highlighting two areas that experienced WUI fires that are described in the examples later in this 
chapter (Northern California and Gatlinburg, Tennessee). Although this report uses the definition of the 
WUI developed by the US Forest Service (Stewart et al., 2007), recent studies have suggested alternatives 
(Hanberry, 2020; Ager et al., 2019). 
 
 

 

FIGURE 2-1 Definitions of WUI interface and intermix communities. SOURCE: Stewart et al. (2007). 
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FIGURE 2-2 Mappings of interface and intermix communities in 2010. Adapted figure from Stewart et 
al. (2007) using data from Radeloff et al. (2018). 
 
 

Finding: The number and spatial extent of WUI communities is growing rapidly. 
 

DEFINING SPATIAL AND TEMPORAL SCALES 
 

The Federal Register notice and subsequent work provided the precise definition of the WUI used 
in this report; however, those WUI categories are primarily useful for assessing the risk of a wildfire 
before it occurs. For the purposes of this report, which focuses on the fire and post-fire period, the 
committee elected to describe the chemical processes and impacts in terms of order-of-magnitude length 
scales (Table 2-1). 

The impacts of WUI fires occur on a variety of timescales. In this report, acute impacts will refer 
to phenomena during the time periods associated with the active fire. These time periods may extend from 
minutes and hours to weeks or longer. Chronic impacts will refer to phenomena that occur after the fire 
has been extinguished. These phenomena may persist for years.  
 

FACTORS CONTRIBUTING TO INCREASING WUI FIRES 
 

The US Forest Service estimates that in 2010, more than 70,000 communities and 43.4 million 
homes were at risk from WUI fires, a significant increase from the 30.8 million homes considered at risk 
in 1990 (Radeloff et al., 2018). In the past ten years, wildfires have destroyed tens of thousands of 
structures (USFS, n.d.). Three main factors have driven the increase in WUI fires: (1) the expansion of 
areas at the WUI; (2) climate change; and (3) land management practices at the WUI.  
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FIGURE 2-3 WUI areas in 2010 (A) and changes in WUI areas from 1990 to 2010 (B); the numbered 
boxes are shown in detail at the right and highlight two areas that later experienced WUI fires 
(reproduced from Radeloff et al., 2018 [Figure 1]). 
 
 

The Expanding WUI 
 

In 2000, the WUI made up 465,614 km2 of the continental United States, a 52 percent expansion 
from 1970. Researchers project that its geographic size will grow by more than 10 percent by 2030 
(Theobald and Romme, 2007). While population growth in general has increased the number of people 
living in the WUI, stronger effects have come from the deconcentration of populations (e.g., moving to 
the suburbs and exurbs), population shifts to the American West and Southeast, and an increased interest 
in “natural amenities” such as living in woodland areas. This is expected to continue (Hammer et al., 
2009; Marks, 2021). Some research suggests that the main drivers of the migration to the WUI are 
demographic trends, including “socioeconomic objectives (e.g., rising housing prices in urban areas, 
access to resources and amenities, aesthetics, and increased access to nature) and structural societal limits 
(e.g., zoning laws, growth incentives, and land use)” (Peterson et al., 2021). 

Increased development at the WUI has also increased human contact with wildland areas 
(Radeloff et al., 2018). Human-started wildfires accounted for 84 percent of all wildfires in two decades 
(1992–2012) of government records (Balch et al., 2017), so increased development at the WUI has also 
increased the risk of accidental fires at the WUI.  
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TABLE 2-1 Spatial Scales of Atmospheric Processes Impacting the Chemistry and Exposures Associated 
with WUI Fires 
Length Scale 
(distance from flame 
front; km) Descriptor Atmospheric Processes Occurring at This Length Scalea 

≤1 Immediate Complex heat transfer from fire to fuels; rapid temperature evolution; effects 
of meteorologically induced and buoyancy-induced fluid dynamic 
interactions; chemical production of many of the emissions associated with 
health effects; chemical interaction with fire retardants; extremely high 
potential exposures 

1–10 Near-field  Large-scale deposition of emissions; chemistry associated with mixing of 
fire plume with ambient air; some rapid initial aging of fire plume due to 
reactive intermediates; fire residues contaminating burned area  

10–100 Local Some aging may have occurred; concentrations and potential exposures are 
still high 

100–1,000 Regional Additional mixing of fire plume with ambient air; complex gas and 
particulate matter chemistry 

>1,000 Continental Long-range transport of plumes with complex gas and particulate matter 
chemistry 

a This order-of-magnitude scale is used conceptually in this report to demarcate differences in chemical and physical 
processes and define how exposure may be impacted. These demarcations are not precise and are influenced by 
factors like meteorology and topography. 
 
 

Simultaneously, as WUI areas expand, fires that start in wildland areas are more likely to burn 
wildland vegetation near WUI developments (Radeloff et al., 2005). These fires therefore have a greater 
chance of igniting homes or other structures at the WUI. Increased human contact with the WUI, as well 
as increased wildfire contact with human development and suburban/urban structures, both due to the 
rapid expansion of new construction at the WUI, resulted in 44.9 percent of the WUI and 17.5 million 
people between 2000 and 2010 being at risk of a wildfire occurring (Thomas and Butry, 2014). 
Furthermore, WUI communities are more vulnerable to fire events because geographical barriers make it 
harder to suppress fires in the WUI (Peterson et al., 2021). 
 

Impacts of Climate Change 
 

As the risk of wildfires coming into contact with communities at the WUI increases, so does the 
risk of wildfires igniting and spreading faster than humans can control them. Climate change has 
increased the frequency and length of droughts, particularly in the American West, which dry out soil and 
vegetation (USGCRP, 2018). This makes wildland vegetation more likely to ignite and to burn rapidly 
once ignited, reaching more communities at the expanded WUI (Peterson et al., 2021). 

Greenhouse effects caused by increased atmospheric carbon dioxide concentrations have dried 
the air at the same time as droughts have become longer and more common (Liu et al., 2014). This makes 
it easier for fires to spread and reduces the likelihood of a precipitation event that would control or 
exterminate the fire. Based on climate projections, the risk of wildfires is projected to continue to increase 
in most areas of the world as climate change worsens (Liu et al., 2015; Bowman et al., 2020; Hurteau et 
al., 2019; Turco et al., 2018; Sun et al., 2019). While extreme drought conditions are more prevalent in 
the American West, drier weather conditions across the United States pose a risk for wildfire spread in 
any climate. For example, the Chimney Tops 2 Fire in Great Smoky Mountains National Park and nearby 
Gatlinburg, Tennessee, occurred in 2016 when much of the southeastern United States had been under 
“exceptional drought,” or extremely dry, conditions in the months before the fire.  
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While the short-term effects of climate change, like drought, directly increase fire risk, in the long 
term, the situation is more complex. Over years or decades, climate can affect factors like fuel buildup, 
with a drought in one year reducing the amount of fuel available the next. A recent study used a model to 
integrate ecohydrology, fire spread, and fire effects to simulate 60 years of vegetation, fuel development, 
and wildfire in an area in the southern Sierra Nevada, California. The study modeled increased 
temperature and drought, both with and without wildfire. In the short term, high temperature, low 
precipitation, and high fuel loading led to increased area burned, as expected. However, in the long term, 
increased temperature led to decreased vegetation and increased fuel decomposition, which reduced fuels 
and area burned. After the first decade, cycles of large fire years occurred (Kennedy et al., 2021). 

Zhong et al. (2021) model how land use and land cover changes will change local atmospheric 
conditions, including increasing land surface temperature and reducing precipitation, which will in turn 
lead to longer fire seasons and more extreme fire-weather conditions across the United States. As land use 
changes exacerbate wildfire risk, climate change and increasing development into the WUI exacerbate the 
conditions under which a wildfire can ignite and spread. This creates a feedback loop in which fires at the 
WUI become more likely, frequent, and dangerous. 
 

Land Management at the WUI 
 

Past wildland management practice has been recognized as an additional driver of increasing 
WUI fire threat. The wildland ecosystem in the western United States mostly evolved with wildfire 
disruption of the landscape (Hessburg, 2021). However, fire exclusion and suppression have been the 
emphasis of wildland fire management in the region in the past century (Stephens and Ruth, 2005; Calkin 
et al., 2015). This land management practice and past logging activities have contributed toward changes 
in forests in terms of vegetation age, structure, continuity, and density (Calkin et al., 2015; Schoennagel et 
al., 2017; McIntyre et al., 2015). Fire exclusion has resulted in fuel accumulation and wildlands that are 
less fire-resistant, and evidence indicates that a transition has occurred from a regular, less intense surface 
fire regime to infrequent, large crown fires in the region (Calkin et al., 2015; Schoennagel et al., 2017). 
Ironically, the increase in assets at risk due to the growth of the WUI and socio-political pressures 
continues to compel the suppression response to wildfires (Calkin et al., 2015; Kolden, 2019), although 
there is a growing realization of the need to rectify current wildland management practices (Schoennagel 
et al., 2017; Hessburg, 2021; Kolden, 2019).  
 

Finding: The threat of severe fires at the WUI is growing rapidly.  
 

THE IMPACTS OF WUI FIRES 
 

Wildfires have major economic, environmental, and social impacts. These include the costs 
associated with material losses, damage to human health, environmental destruction, and the operational 
costs of disaster response, such as firefighting efforts. Because of the wide range of impacts, numerous 
ways exist to measure the incidence and severity of wildfires. Table 2-2 provides statistics from recent 
WUI fires, showing several types of impacts and how they were measured. The sources listed in the table 
are the most recent available, at the time of this report, that are specific to WUI fires. While some 
impacts, such as number of deaths and costs of property damage, are straightforward to measure, other 
impacts, like the effects of psychological distress, are not. 
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TABLE 2-2 Statistics that Describe Impacts of WUI Fires in the United States 

Measure of Impact Statistic Year Reference 

Fire-exposure-related civilian deaths 15 deaths* 2017 Thomas et al., 2017 

Fire-exposure-related firefighter deaths 18 deaths* 2017 Thomas et al., 2017 

Acute-smoke-exposure-related civilian deaths 2,940–21,095 deaths* 2017 Thomas et al., 2017 

Civilian injuries 88 injuries* 2017 Thomas et al., 2017 

Firefighter injuries 260 injuries* 2017 Thomas et al., 2017 

Costs due to injuries $177,450,535* 2017 Thomas et al., 2017 

Total acres burned (from all wildfires) 10,122,336 acres 2020 NIFC, 2020 

Structures destroyed by fire 17,904 2020 NIFC, 2020 

Residences destroyed by fire 9,630 2020 NIFC, 2020 

NOTE: NIFC = National Interagency Fire Center; * estimated values or ranges. 
 
 

The 2021 fire season provides many examples of the growing complexity of impacts of WUI fires 
as well as the complexity of measuring those impacts. The Caldor Fire was only the second fire (after the 
Dixie Fire, during the same season) ever to burn across the natural boundary of the Sierra Nevada 
Mountains (Reinhard and Patel, 2021). As a result, 22,000 residents of Lake Tahoe were told to evacuate, 
and many lost their homes. The smoke from the fire affected millions of people in several states. In 2020, 
one in seven Americans (about 47 million people) experienced dangerous air quality from wildfire smoke 
(Carlsen et al., 2020; based on an analysis of US Environmental Protection Agency AirNow data). Effects 
of smoke exposure include discomfort (such as headaches, fatigue, and sore throats), severe health effects 
(for example, particulates exposure can cause cardiac events), and disruption of activities, as people were 
told to stay indoors. In some cases, the conditions persisted for weeks or even months. Entire 
communities were lost to fires, such as the town of Greenville, California—a town where people had 
relocated after losing homes in Paradise, which was destroyed by 2018’s Camp Fire. Dry conditions made 
the fires difficult to control. For example, the Marshall Fire, which destroyed communities in Louisville 
and Superior, Colorado, in December 2021, burned grasslands in a suburban region that were extremely 
dry due to months of drought. The US Forest Service stopped performing prescribed burns of federal 
lands in 2021 because the agency was overwhelmed with fighting wildfires (Sommer, 2021). 

In the United States, in many cases, there is a lack of high-quality data specific to WUI fires. It is 
difficult to extract WUI-specific data for several reasons. First, fires are heterogeneous; they may start as 
purely wildland fires and later enter populated areas, burning structures and other elements of the built 
environment for only part of the event timeline. Second, smoke travels long distances, affecting ambient 
and indoor air quality at regional or even continental scales, which are well beyond the immediate fire 
zone. When effects are geographically distant from the fire, it can be difficult to confidently attribute 
environmental impacts, disease, and exacerbation of health conditions to the fire and the emissions that 
originated at the WUI. Finally, wildfires have both tangible and intangible impacts; while the tangible 
impacts might be straightforward to measure, “the intangible and potentially long-term wellbeing costs 
associated with physical injury, pain, psychological distress and behavioral change are much more 
difficult to evaluate” (Johnston et al., 2021, p. 2).  
 

Fire Incidence by Region 
 

While the expansion of WUI land areas has been more rapid in the eastern United States than in 
the West, almost half of the WUI in the East is characterized by low-severity fire regimes (Theobald and 
Romme, 2007). Only 12 percent of the WUI in the West is characterized as low severity, resulting in a 
greater risk of wildfires occurring in the western United States.  
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 Some of the greatest densities of WUI communities are in the eastern United States, where 
intermix communities are widespread (Figure 2-2). As Figure 2-3 shows, WUI areas are growing rapidly 
in the eastern United States. These denser populations and growing WUI areas mean more people in 
potential wildfire regions. In 2020, over 33,000 fires occurred in eastern states and burned just under 0.7 
million acres (Wibbenmeyer and McDarris, 2021). By contrast, the 26,000 wildfires in the West burned 
approximately 9.5 million acres. While these larger wildfires in the West attract attention and can have 
large regional impacts, the size of a fire is not necessarily predictive of economic damage. The Marshall 
Fire, described later in this chapter, was the most economically destructive fire in Colorado history, yet 
burned a relatively small area of 6,200 acres. Factors that influence fire severity include land use, 
vegetation, terrain, weather, and fire history. Although the US Forest Service led the development of 
Wildfire Risk to Communities (wildfirerisk.org), there are no current federal definitions related to fire risk 
or fire severity specific to the WUI. California has defined “Fire Hazard Severity Zones” that provide a 
more nuanced view of this issue at the state level; however, the details of how California determines these 
zones are not transparently available (OSFM, 2021). 
 

Finding: WUI fires have different characteristics in different regions of the United States that 
likely lead to different risks, but a comprehensive mapping of communities at risk of fire, and the 
severity of that risk, is not available.  

 
Demographics of Impacted Populations 

 
Not all populations are equally affected by WUI fires. The limited number of studies that exist 

examine different regions and draw a variety of conclusions about which populations are most impacted. 
A 2021 study used wildfire data from the California Fire and Resource Assessment Program and the 
National Interagency Fire Center and demographic data from the American Community Survey to 
examine the populations living in areas burned by wildfire in California from 2000 to 2020 (Masri et al., 
2021). In addition to a near doubling of the populations in affected areas (largely due to an increase in the 
area burned by wildfires), the study found that these areas contained lower proportions of racially 
minoritized groups in general but higher proportions of Native American populations; higher proportions 
of older residents; and higher proportions of low-income residents, lower median household incomes, and 
lower home values. 

By contrast, a 2020 study of fires in Southern California since 1980 found that WUI 
neighborhoods in that region are predominantly white and affluent, with increasingly expensive housing 
(Garrison and Huxman, 2020). Another 2020 study looked specifically at the risks of wildfire to residents 
of subsidized housing in California (Gabbe et al., 2020). This study was motivated by the difficulties low-
income households face in recovering from such disasters, as well as the fact that policy makers can 
reduce the risk to current and future subsidized housing. The study found that a higher proportion of 
subsidized housing is located outside the WUI, but that residents of 140,000 subsidized housing units as 
well as other vulnerable populations in the WUI do live at risk. 

These three studies of impacts in California highlight an important point about the availability of 
information on WUI fires and wildfires more generally: the literature on WUI fires is often focused on the 
West, particularly the State of California. As discussed earlier in this chapter, WUI fires are not strictly a 
western phenomenon; however, likely due to a variety of contributing factors, western fires are more 
strongly represented in the existing research that informed this report. The committee acknowledges the 
potential bias that this fact introduces to its work. Until broader research can fill in information gaps on 
the demographics of impacted populations in the East, and elsewhere in the United States, the existing 
literature, which focuses on the West, can be used to analyze the problem of WUI fires, with an 
acknowledgment of the limitations. 
 

Finding: Although the majority of the WUI is found in the eastern United States, research on the 
impacts of WUI fires is more abundant for California than other US states. 
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To begin addressing these information gaps, simple geographic information system analyses 
could be conducted to combine existing data sets in new ways. In Figure 2-4, national data on the 
distribution of low-income households has been combined with Radeloff et al.’s WUI maps and a data set 
that shows the spatial distribution of burned areas from 2021 wildfires (EPA, 2021; Radeloff et al., 2018; 
Wiedinmyer et al., 2011). The data set on burned areas uses thermal hot spot detection to locate fires; 
therefore, the data set includes open biomass burning, including wildfires, agricultural fires, and 
prescribed burning (Wiedinmyer et al., 2011). 

This analysis, done by the committee using the above sources, shows that, while 32.5 percent of 
households in the contiguous United States are categorized as low income (i.e., with income less than two 
times the federal poverty level; data from the Census Bureau’s American Community Survey 2014–
2018), 28.5 percent of households in the WUI are categorized as low income, and 36.3 percent of 
households in WUI areas that burned in 2020 are categorized as low income. This analysis is a simple 
example of the types of insights that could emerge from combining a precise definition of WUI 
communities with other mappings. These types of analyses could inform future research or help decision-
makers prioritize research.  
 
 

 

FIGURE 2-4 (A) Map of low-income populations in the contiguous US. (B) Overlay of low-income 
populations with WUI areas. (C) Overlay of low-income populations with areas burned by wildfire. (D) 
Overlay of low-income populations with WUI areas burned by wildfire. Data to create the figures was 
sourced from the following: low-income populations in the contiguous US in 2020 (EPA, 2021); WUI 
areas in the contiguous US in 2010 (Radeloff et al., 2018; updates to WUI land area mappings are 
underway using 2020 census data but were unavailable at the time the committee prepared this report); 
burned areas in the contiguous US in 2021 (Wiedinmyer et al., 2011).  
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Finding: Quantitative and widely accepted definitions of WUI communities would enable 
mappings of risk and help define future research priorities. 

 
USING EXAMPLES TO CONTEXTUALIZE WUI FIRES 

 
The earlier sections of this chapter discuss how pervasive WUI communities and fires are; 

however, few data are available on how WUI fires differ from other wildfires. For the purposes of this 
report, the committee chose to explore a set of recent examples of the state of available information. The 
five WUI fires presented in this section and discussed throughout this report took place in North America 
within the last ten years. They were identified by the committee through their own research and through 
conversations with experts as cases that exhibit distinct characteristics and for which a comparatively 
large amount of documentation is available. This section provides some situational details for each 
example fire. A table that contains the results of the committee’s literature search for each fire can be 
found in Appendix C of the report. Later chapters refer to what is known about these fires to enable a 
deeper discussion of the information needs in WUI fire research. 
 

Waldo Canyon Fire (2012) 
 

The Waldo Canyon Fire was first reported on Saturday, June 23, 2012. It began in the Pike 
National Forest, approximately three miles west of Colorado Springs, Colorado. The fire burned 18,247 
acres over 18 days and was reported as fully contained on July 10, 2012 (City of Colorado Springs, 2013). 
About 19 percent of the burn was classified as high severity, 40 percent as moderate severity, and 41 
percent as low severity. In the severe Colorado wildfire season of 2012, the Waldo Canyon Fire stands 
out with its high social impact, which was due to its close proximity to Colorado Springs and other 
communities. The fire forced the evacuation of more than 32,000 people, including 22,000 residents 
within a two-hour period on June 26, 2012 (Chin et al., 2016). There were two documented fatalities (City 
of Colorado Springs, 2013). 

The Waldo Canyon Fire was, at the time, the most destructive wildfire in Colorado history, 
destroying more than 300 homes, mostly in the Mountain Shadows neighborhood. These homes were 
downslope of a major topographic ridge that normally would have kept the fire from spreading. However, 
erratic winds exceeding 100 km per hour, which were fueled by dry conditions, caused the fire to cross 
the ridge into the residential neighborhood (Chin et al., 2016). The Colorado Springs Fire Department 
invited the National Institute of Standards and Technology (NIST) and the US Forest Service, Fire and 
Environmental Research Applications Team to collect post-incident data from the fire, specifically in the 
Mountain Shadows community. The report found that 1,455 primary structures had existed in the 
community. Of these, over 300 primary structures, as classified in that report, were completely destroyed, 
and over 100 more structures were damaged (Maranghides et al., 2015). The Waldo Canyon had losses 
estimated at US$454 million (FEMA, 2021). An investigation by the US Forest Service and the Federal 
Bureau of Investigation later determined that the fire had been caused by human activity.  
 

Horse River Fire (2016) 
 

On May 1, 2016, a fire started to the southwest of Fort McMurray, Alberta, Canada, in what 
became known as the Horse River Fire. Fort McMurray is a city bordered by boreal forest in the 
Athabasca oil sands region of Alberta and had a population of 78,382 in 2015 (MSB, 2015). The fire 
quickly spread to populated areas, exacerbated by record-setting high temperatures and low humidity 
(McGrath, 2016). More than 88,000 residents of the city and surrounding areas were evacuated on May 3, 
2016 (McGee, 2019). The fire was declared contained on July 5, 2016, but was not fully extinguished 
until August of the following year. 

Over 1.4 million acres of land were burned (Gabbert, 2017), including 2,579 homes (Wood 
Buffalo Economic Development, 2017). At the time, the Horse River Fire was the costliest natural 
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disaster in Canadian history, with insurance claims amounting to C$3.58 billion (Suncor Energy Inc., 
2018). Today, it remains the most expensive wildfire in Canadian history. There were no fatalities and no 
injuries. The specific cause of the fire is still unknown, but law enforcement determined that it was most 
likely the result of human activity. 
 

Chimney Tops 2 Fire (2016) 
 

The 2016 wildfire that engulfed Gatlinburg, Tennessee, became known as the Chimney Tops 2 
Fire. First observed around 5:30 p.m. on November 23, it started as a 1.5-acre wildland fire in Great 
Smoky Mountains National Park, about 5.5 miles away from city limits (Culver, 2016). The steep 
topography of Chimney Tops prevented firefighters from immediately extinguishing the fire. When high 
winds picked up four days later on November 27, the fire rapidly grew to 35 acres. The next day, in 
addition to causing the original fire area to spread, high wind conditions carried firebrands up to one mile 
and caused new fires to ignite to the north, closer to the city. On November 28, the fire traveled three 
miles toward Gatlinburg in less than five hours. That evening, the entire Gatlinburg area including nearby 
Pigeon Forge, which included over 14,000 residents, was placed under a mandatory evacuation order. 

A few hours later, around 2:00 a.m. on November 29, the weather shifted, with wind speeds 
dying down, replaced by steady rain. While the fire was not fully contained until about two weeks later, 
its rapid spread had ended. There were fourteen deaths, 2,500 destroyed or damaged structures, and about 
17,000 acres burned (Guthrie et al., 2017). One year after the fire, damages were estimated at over 
US$500 million (Songer, 2017). The cause of the fire was determined to be arson.  
 

Camp Fire (2018) 
 

The Camp Fire was first reported on November 8, 2018, in Butte County, California. Strongly 
driven toward populated areas by northeasterly winds, it was 100 percent contained on November 25, 
2018, after burning 153,336 acres over 17 days (Mohler, 2019). Burned areas included both interface- and 
intermix-type WUI (Kramer et al., 2019). Nineteen percent of the fire area was classified as very low soil 
burn severity; 63 percent as low soil burn severity, 16 percent as moderate soil burn severity, and 2 
percent as high soil burn severity (WERT, 2018). The fire destroyed the town of Paradise, California, and 
damaged the neighboring communities of Magalia, Butte Creek Canyon, and Concow. 

The fire resulted in 85 fatalities and three documented injuries (CAL FIRE, 2019). Some 18,804 
structures were destroyed, including 13,696 single-family residences, 276 multi-family residences, 4,923 
other, minor structures, and 528 commercial structures. An additional 462 single-family residences, 25 
multi-family residences, and 102 commercial structures were damaged, but not completely destroyed 
(Hawks, 2018). In 2019, California Department of Forestry and Fire Protection investigators determined 
that the cause of the Camp Fire was electrical transmission lines that ignited vegetation at two ignition 
sites (Mohler, 2019). Pacific Gas and Electric Company, the utility responsible, later pleaded guilty to 84 
counts of involuntary manslaughter and paid damages to the wildfire’s victims. The Camp Fire was the 
costliest disaster worldwide in 2018, totaling US$16.5 billion in losses (NIST, 2021; Ruiz-Grossman, 
2019). 

NIST prepared an extensive case study of the fire’s spread based on abundant observations by 
first responders and other first-hand witnesses (Maranghides et al., 2021). Because this fire is recent, the 
committee acknowledges that relevant chemistry data and analyses may still be unpublished at this time. 
 

Marshall Fire (2021) 
 

At 10 a.m. on December 30, 2021, high winds, which blew over 115 miles per hour in some 
places, helped drive fast-moving grass fires that rapidly spread through the densely populated suburban 
areas of Superior and Louisville in Boulder County, Colorado (Markus, 2022; CPR, 2021). The most 
destructive fire in Colorado history, the Marshall Fire destroyed over 1,000 residential structures and 
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businesses and burned over 6,000 acres (Metzger, 2022). Burn severity information was not available at 
the time of the publication of this report. High winds created 40-foot-high flames in some areas. At 11:44 
a.m. on December 30, residents east of the fire were placed under an evacuation order as firefighters 
struggled to contain the fire, which was burning in multiple places (Brown and Paul, 2022). Two hours 
later, a reverse-911 call ordered more residents to evacuate as high winds continued. 

The fire was extinguished by heavy snowfall on Friday, December 31, when up to 10 inches of 
snow blanketed the Denver suburbs. As temperatures dropped below freezing, 7,500 customers of the 
electric company, Xcel Energy, were without electricity, and 13,000 people in the Boulder area were 
without gas (CPR, 2022). One person was found dead and another reported missing (CBS Denver, 2022). 
President Biden approved a major disaster declaration on January 1, 2022. The total value of homes 
destroyed is estimated at >$500,000,000, while the value of commercial damage is still being calculated 
(Cobb, 2022). 

This fire occurred only a few months before this report’s publication. The cause of the fire is still 
unknown (Boulder OEM, 2022). Facts about the event will continue to emerge; although many 
researchers took part in post-fire chemical analyses of air, water, and soil, chemical data will take time to 
appear in the peer-reviewed literature.  
 

FINDINGS FROM RECENT EXAMPLES OF WUI FIRES 
 

Appendix C describes the literature available on these fires, which the committee used in later 
chapters, along with additional data from wildfires that the committee found relevant. Despite these 
studies being relatively widely studied, there are still significant data gaps, especially information on the 
fuels, combustion, emissions, and atmospheric chemistry. 
 

Finding: There is a paucity of chemical information available about WUI fires.  
 

Where data are available (e.g., from state and local agencies), it often must be drawn from air and 
water quality monitoring networks, and these networks are not designed specifically for collecting data 
relevant to wildfires and their emissions. However, supplemental data collection is not generally 
prioritized during WUI fires, as authorities’ first concern is life and property protection. Additionally, the 
lack of technological and workforce availability limits research efforts. These are some of the challenges 
facing the research efforts needed to understand the effects of WUI fires. 

States like California do more sampling and chemical testing in areas affected by fires than other 
states do (CalRecycle, 2022). For example, Colorado recommends against testing soil at affected parcels 
prior to residents returning to rebuild, “as testing can be difficult, expensive and may cause delays in 
being able to handle the waste” (CDPHE, 2020, p. 1).  
 

Finding: Advancing the understanding of WUI fires will take advance planning and prioritization 
of data collection during WUI fires. 
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3 
Materials, Combustion, and Emissions in WUI Fires  

 
Fires in the wildland-urban interface (WUI) differ from wildland fires. Combustible materials in 

the WUI have different chemical compositions and densities, and are present in different quantities, than 
the vegetative biomass combusted in wildland fires. The urban materials and their characteristics present 
in the WUI impact the combustion conditions, the chemical reaction pathways that dominate during 
combustion, and the emissions and residue released into the environment. Current understanding of the 
chemistry of WUI fires and their emissions is largely inferred based on information on wildland and 
urban fires. 

Wildland fires are a large source of emissions and have been extensively studied. Over the last 
several decades, numerous laboratory studies and field efforts have sought to link the characteristics of 
biomass and fire behavior with the resulting emissions (Jaffe et al., 2020). These studies have made clear 
that emissions from biomass fires are complex and consist of many chemical species, of which only a 
limited number have been identified. The composition of the emissions also depends on fire conditions; 
however, many uncertainties remain in the details of this dependence (Jaffe et al., 2020; Permar et al., 
2021; Sekimoto et al., 2018; Coggon et al., 2019).  

Data on emissions from the combustion of urban materials is derived largely from enclosure fires 
(i.e., a fire within a room or compartment inside a building) or from laboratory test methods simulating 
enclosure fires (Stec and Hull, 2010; Blomqvist and Lönnermark, 2001). Both the specific material 
elemental composition and the amount of oxygen available for combustion strongly impact released 
emissions. However, very little is known about the chemical composition of urban materials and the 
interactions of various mixtures of these materials on combustion processes, the types of species emitted, 
and these species’ interactions under different fire conditions (Stec and Hull, 2010; Purser et al., 2015). 
The fire emissions produced (per mass of material combusted) from the combustion of human-made 
materials are expected to be much different than those from biomass. 

This chapter summarizes what is known about the materials in the WUI environment, and the 
combustion conditions, dominant reaction pathways, and resulting emissions from WUI fires. The 
discussion of materials in the WUI environment and the unique aspects of combustion chemistry 
described in this chapter provide context to the information needed to describe atmospheric 
transformations, water and soil impacts, health effects, and measurement systems described in Chapters 
4–7.  

Box 3-1 defines some of the key terms used in the chapter. 
 

MATERIALS 
 

Many WUI fires occur in residential areas where the primary fuels are those in and around the 
home, which can include a diverse array of materials. Figure 3-1 shows some of these potential materials, 
although many others of different compositions may be present. There are numerous exterior and interior 
construction materials and furnishings with synthetic chemical compositions including textiles, 
insulations, paints and coatings, premanufactured woods, added flame retardants, antimicrobial and 
halogenated finishes, wall coverings, and sealants.  

The quantities and compositions, cited in Figure 3-1 and elaborated on in the sections below, are 
illustrative examples. Structural materials may vary greatly based on the age of construction and 
geographic region. For example, some substances used in building materials or household goods have 
been banned or phased out, such as polybrominated diphenyl ether (PBDE) flame retardants, yet they may 
still be present in older household goods (ASTDR, 2017). Furthermore, the amount and composition of 
materials within the home, particularly chemicals of concern (such as flame retardants and phthlates), 
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may be linked to race, ethnicity, and socioeconomic factors that are not well captured by the examples 
presented here. Black, Indigenous, and people of color and low-income groups are more likely to live in 
older homes in poorer condition. Given the lack of comprehensive surveys of materials in homes and how 
they may differ for various populations, other data sources, like chemical exposure studies, may provide 
some information on urban material chemical composition. Researchers have found higher exposures to 
some chemicals of concern (e.g., volatile organic compounds [VOCs], semi-volatile organic compounds 
[SVOCs], flame retardants, pesticides, lead) among these groups, demonstrating that the composition of 
homes and their contents likely vary by race and economic status (Zota et al., 2010; Swope and 
Hernandez, 2019; Adamkiewicz et al., 2011; Jacobs, 2011), although other factors such as occupational 
exposure may also play a role. 
 
 

BOX 3-1 Key Terminology 
 

Spatial Scales 
 

Near-field scale: From 1 to 10 km downwind of the fire, where the plume remains quite concentrated, dilution has a 
major effect on the gas-particle partitioning, and chemistry is driven by fast processes that occur on a timescale of 
minutes 
 
Local scale: From 10 to 100 km, where chemistry is driven by processes that occur on a timescale of minutes to hours 
 
Regional scale: From 100 to 1,000 km, where chemistry is driven by processes that occur on a timescale of hours to 
days 
 
Continental scale: Greater than 1,000 km, where chemistry is driven by processes that occur over days 
 

Terms and Definitions 
 
Ash: The solid residue remaining after combustion, generally consisting of minerals and lesser amounts of char; ash 
may become lofted in the plume to become a component of PM 
 
Biomass: Organic material derived from plants or animals 
 
Black carbon or soot: A component of PM derived from high-temperature flaming processes; black carbon is 
composed of aggregates of carbon-rich particles typically 20 to 40 nm in diameter 
 
Char: The solid residue remaining after combustion; char generally refers to carbonaceous residues containing some 
minerals 
 
Combustion efficiency (CE): The fraction of carbon in the fuel that is emitted as CO2 

 
Combustion factor (CF): The fraction of combustible material exposed to a fire that was actually consumed or 
volatilized 
 
Emission factor (EF): The mass of a specific compound (or class of compounds) emitted per kilogram of dry material 
combusted, for a specified dry material or collection of materials 
 
Emission ratio (ER): The ratio of the mass of a compound emitted to the mass of a reference compound that is 
conserved in the plume, often CO or CO2; it is often reported as an “enhanced” ER where the background 
concentrations of the compound and reference compound have been subtracted 
 
Emissions (or effluents): Species emitted into the air, water, soil, or other media, from a process; these are sometimes 
called releases 
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Enclosure fire: A fire contained within a room or compartment inside a building in which oxygen supply is typically 
constrained, contrary to open fires; these are sometimes called compartment fires 
 
Energy content: The amount of energy contained within a mass of fuel; it can be quantified as the higher heating value 
(or gross calorific value), defined as the amount of heat released from complete combustion of a dry material when the 
products are returned to 25°C, or the lower heating value (or net calorific value), defined as the amount of heat released 
from complete combustion of a dry material initially at 25°C when water as a combustion product remains in the vapor 
state; other initial and final state temperatures may be found in the literature 
 
Equivalence ratio (ϕ): The ratio of the actual fuel/oxidizer ratio to the stoichiometric fuel/oxidizer ratio; the 
stoichiometric fuel/oxidizer ratio is the ratio that is theoretically required to fully oxidize the fuel 
 
Fine particulate matter (PM2.5): Airborne particles with diameters of 2.5 micrometers or less, small enough to enter 
the lungs and bloodstream, posing risks to human health  
 
Fire plume: Air mass downwind of combustion zone, containing elevated concentrations of combustion products 
 
Flaming combustion: Luminous oxidation of gases evolved from the rapid decomposition of a solid biomass fuel 
 
Glowing combustion: Incandescent heterogeneous oxidation of a solid biomass fuel in which all the volatiles have 
been driven off 
 
Modified combustion efficiency (MCE): The measured, enhanced emission of CO2 divided by the sum of the 
enhanced emission of CO and enhanced emission of CO2; MCE is typically linearly correlated with CE and used as a 
proxy for CE since it is easier to measure 
 
Oxidative pyrolysis: The thermal decomposition of a combustible material in the presence of molecular oxygen in the 
surrounding atmosphere  
 
Particulate matter (PM): A complex mixture of solid particles and liquid droplets found in the air  
 
Pollutant: A chemical or biological substance that harms water, air, or land quality 
 
Plume injection parameters: The initial characteristics of a fire plume, including its injection altitude and multi-phase 
chemical composition 
 
Pyrolysis: The thermal decomposition of a combustible material in the absence of molecular oxygen; the term 
“pyrolysis” sometimes appears in wildland fire literature to represent oxidative pyrolysis 
 
Secondary organic aerosol: Organic particulate matter that is formed in the atmosphere from precursor gases 
 
Semi-volatile organic compounds (SVOCs): Organic compounds that, based on their vapor pressure, tend to 
evaporate from the particle phase within near-field dilution of plumes; SVOCs are of concern because of their 
abundance in the indoor environment and their ability to accumulate and persist in the human body, the infrastructure 
of buildings, and environmental dust 
 
Smoldering combustion: Combined processes of thermal decomposition and slow, low temperature, flameless burning 
of porous solid biomass fuels; sometimes called glowing combustion 
 
Toxic product yield: The maximum possible mass of a combustion product generated during combustion, per unit 
mass of test specimen consumed (typically expressed in units of grams per gram or kilograms per kilogram) 
 
Urban fire: Fire that occurs primarily in cities or towns with the potential to rapidly spread to adjoining structures; 
these fires damage and destroy mostly homes, schools, commercial or industrial buildings, and vehicles 
 
Volatile organic compounds (VOCs): Organic compounds with vapor pressures high enough to exist in the 
atmosphere primarily in the gas phase, typically excluding methane; VOCs can easily become airborne for inhalation 
exposure 
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FIGURE 3-1 Examples of the types and quantities of materials that can be found in the home.  
 
 

The unique elemental composition of the materials in the urban environment has a direct impact 
on the combustion chemistry and emissions described in the other sections of this chapter. Table 3-1 
summarizes some of the most common building materials and their fire emissions (Stec and Hull, 2010; 
Stec and Hull, 2011; Blomqvist et al., 2013; Stec et al., 2013; Stec, 2017). Table 3-1 relates the materials 
in the urban environment to the WUI fire emissions that impact the atmosphere, water and soil, and 
human health as described in Chapters 4–6. 
 

Wildland Materials and Wood Products 
 

The natural woody biomass found in the landscape surrounding WUI structures and wood 
products used in building construction are of similar macromolecular composition (cellulose, 
hemicellulose, and lignin). Bain et al. (2003, Appendix 3) list the energy content and chemical 
composition for a wide range of biomass materials, including wood from numerous tree species and other 
vegetative types. The higher heating values of different dry woods range from 19 to 20.2 MJ/kg. The heat 
of combustion per unit mass of biomass material is significantly impacted by the water content, which 
varies between live and dead woody biomass, biomass species, and season (NWCG, 2021). Wood used in 
building construction has a lower moisture content (typically less than 12 percent), depending on local 
ambient conditions (Forest Products Laboratory, 2010).  
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TABLE 3-1 Materials Used in Buildings and Their Common Fire Emissions  
Material Most commonly released fire emissions 

Polyurethane foam in insulation HCN, CO, NO, NO2, NH3, HCl, H3PO4, PM, PAHs, VOCs, SVOC, TCPP, TCEP, 
PCDDs, PCDFs, isocyanates 

Polyisocyanurate foam in insulation HCN, CO, NO, NO2, NH3, HCl, H3PO4, PM, PAHs, VOCs, SVOC, TCPP, TCEP, 
PCDDs, PCDFs, isocyanates 

Phenolic foam in insulation SO2, CO, HCl, acrolein, formaldehyde, PM, PAHs, VOCs, SVOCs, TCPP, TCEP, 
PCDDs, PCDFs 

Extruded polystyrene in insulation HF, HBr, CO, PM, PAHs, VOCs, SVOCs 

Glass wool in insulation HCN, CO, NO2, HCl, isocyanates 

Oriented strand board (OSB) HCN, CO, NO2, HCl, acrolein, formaldehyde, PM, PAHs, VOCs, SVOCs, isocyanates 

Vinyl siding and/or polyvinyl chloride 
(PVC) windows 

HCl, CO, PCDDs, PCDFs 

Upholstery on furniture HCN, CO, NO, NO2, NH3, HCl, H3PO4, PM, PAHs, VOCs, SVOC, TCPP, TCEP, 
PCDDs, PCDFs, isocyanates 

Vinyl carpet HCl, CO, PCDDs, PCDFs 

Polyamide carpet HCN, CO, NO, NO2, NH3, PM, PAHs, VOCs, SVOCs, isocyanates 

Electrical wiring insulation HCl, CO, PCDD, PCDFs 

Acrylic clothing HCN, CO, NO, NO2, NH3, PM, PAHs, VOCs, SVOCs, isocyanates 

Residential furniture Benzene, toluene, formaldehyde, organophosphate flame retardants 

NOTES: PAH = polycyclic aromatic hydrocarbon; TCPP = tris(1-chloro-2-propyl) phosphate; TCEP = tris(2-
chloroethyl) phosphate; PCDD = polychlorinated dibenzo-p-dioxin; PCDF = polychlorinated dibenzofuran. 
 
 

Biomass also contains 0.1 to 0.4 percent (by mass) nitrogen, 0.01 to 0.09 percent sulfur, up to 
0.05 percent chlorine, and traces of other inorganic elements (Tejada et al., 2020). In general, ash levels 
remaining from the complete combustion of the volatiles and char generated in the pyrolysis/burning of 
woods are very low (0.01–0.07 percent), with only a small fraction of the original sulfur and nitrogen 
segregated in the char (Bain et al., 2003). Wildland fire ash consists of mineral materials and charred 
organic components with compositions dependent upon the original fuel type, combustion completeness, 
and combustion temperatures that the materials experience (Bodi et al., 2014).  

In addition to woody biomass (live trees and snags [standing dead trees]), other fuels contribute to 
the emissions from wildland fires (Atchley et al., 2021). Live foliage in the canopy, dead foliage in the 
leaf litter, non-woody vegetation, lichen-moss layers, duff layers, and organic soil may be consumed in 
wildland fires (Ottmar and Baker, 2007; Ottmar, 2014). These other fuel classes like leaf litter, grasses, 
and shrubs sustain fire spread and are important sources of emissions. For example, in a mixed conifer 
forest in Oregon, researchers estimated that 33 percent of the biomass consumed in a high-severity 
scenario could be attributed to the litter and duff layers alone, and 35 percent was attributed to standing 
trees and snags (Campbell et al., 2007, Table 5). Additionally, duff layers and downed woody debris tend 
to smolder and can generate far greater emissions per unit mass consumed than litter, shrubs, and tree 
crowns that are consumed in more intense combustion (Urbanski, 2014).  

Vegetative biomass loading in the environment is highly variable in both space and time as 
vegetation grows, is impacted by insect, disease, and climate conditions, and eventually decays. Biomass 
loadings can vary greatly among ecosystems; the highest biomass loadings are in wet forests, but only 
materials that are dry enough to ignite are considered available biomass and thus able to be consumed 
during a wildland fire. Some of the highest available biomass loadings are in dry forest ecosystems that 
are common in the western United States (Hessburg et al., 2019). A dry forest can have as much as 70 
Mg/ha or about 28,000 kg/acre of available biomass (Ottmar, 2014). The available biomass can also be 
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modified by land management practices, like prescribed fire. About 13 tons/ha (5,000 kg/acre) is 
consumed in prescribed fire in temperate forests (van Leeuwen et al., 2014).  
 

Urban Materials 
 

The materials in the urban environment differ greatly from the materials in the wildland 
environment in their amount, elemental composition, energy content, and arrangement in the landscape. 
Materials unique to urban areas, like polyvinyl chloride or polyurethane, contain much larger amounts of 
chlorine or nitrogen than biomass and these elements are known to impact combustion chemistry. Though 
the emissions generated from urban and wildland areas differ, in a WUI fire, they intimately comingle in 
the plume. In addition, the differing energy density in urban areas compared with wildlands may impact 
combustion conditions, modifying the timing of emissions and the physical nature of the WUI plume in 
comparison to the plume of a surrounding wildland fire (Trelles and Pagni, 1997). 

In WUI fires, many of the structures burned are residential homes, as seen with the recent WUI 
fires described in Chapter 2: 
 

 74 percent of the approximately 18,000 structures destroyed in the Camp Fire (Wallingford, 
2018) 

 99 percent of the 344 structures destroyed in the Waldo Canyon Fire (Maranghides et al., 2015) 
 99 percent of the 1,091 structures destroyed in the Marshall Fire (Boulder OEM, 2022)  

 
Large WUI fires—those sweeping through entire communities—may also involve municipal 

service systems, commercial and industrial buildings, and commercial vehicles and their fuel. These 
commercial and industrial structures and other components of urban infrastructure likely have material 
loadings and compositions different from those of residential buildings. They may be composed of more 
noncombustible materials (e.g., concrete and steel), but may have much higher internal fuel loadings and 
greater amounts and different chemicals of concern. Thus, they can pose risks different from those of 
WUI fires confined to residential areas. Specific mappings of commercial and industrial structures and 
their fuel loadings and chemicals of concern are not broadly available. 
 
Characteristics of Residential Structures  
 

Most houses in the United States are built from wood framing and sheathing covered by an 
exterior of brick, stone, cement board, or vinyl siding (USCB, 2020). Sheets of fiberglass or foam 
installations are often added into the building cavities. The roof consists of sheets of plywood to provide 
the decking for exterior materials such as asphalt tiles, clay tiles, metal sheets, or even fiberglass shingles.  

Limited survey data exist on the detailed material composition of residential structures, and even 
less information exists on elemental composition. Life-cycle analysis tools like the Greenhouse gases, 
Regulated Emissions, and Energy use in Technologies (GREET) life-cycle model could be used to 
estimate the mass and elemental composition of buildings (Cai et al., 2021). At present there is no 
complete accounting of both the fuel load and elemental composition of currently existing structures. 

Table 3-2 provides examples of combustible materials loadings and other data for single-family 
homes built in different years. The committee derived the data in this table from engineering calculations; 
the assumptions employed in the calculations can impact the results of the analysis and are described in 
detail in Appendix E. The data represent a snapshot of structure characteristics for a specific location and 
year of construction, characteristics that vary significantly over time and location. An important limitation 
of these examples is the lack of information on some components (e.g., air-conditioning fluids, plastic gas 
piping, plumbing, wire insulation, and electrical materials), which are a small fraction of the mass but 
may be a concentrated source of species that impact combustion or contribute to hazardous effluents. 
  



The Chemistry of Fires at the Wildland-Urban Interface

Copyright National Academy of Sciences. All rights reserved.

Materials, Combustion, and Emissions in WUI Fires 37 

Prepublication Copy 

TABLE 3-2 Materials Used to Construct Two Single-Family Residences 

 

The Fuel of Our Homes – from  
Building Materials to Content 
(Messerschmidt, 2021) 

Analysis of the Lifecycle Impacts and 
Potential for Avoided Impacts Associated 
with Single Family Homes (EPA, 2016) 

Year built 2020 1998 

Livable area in ft2 (m2) 2,016 (187.3) 2,150 (153.2) 

 Combustible mass 
in kg (% total 
combustibles) 

Energy content in GJ 
(% total energy) 

Combustible mass in 
kg (% total 
combustibles) 

Energy content in GJ 
(% total energy) 

Structural wood  15,200 (58%) 281.2 (49%) 13,159 (43%) 243.4 (42%) 

Subfloor (OSB or particle 
board) 

3,844 (15%) 71.3 (13%) 10,115 (33%)a 
(OSB panels) 

187.5 (33%) 

Sheathing 126 (0.5%) 
(foam board) 

3.2 (1%)  -a  -  

Siding 300 (1%) 
(PVC siding) 

3.0 (1%) 3,485 (12%) 
(wood siding) 

64.5 (11%) 

Insulation 990 (4%) 
(spray 
polyurethane 
foam) 

25.3 (4%) 183 (1%) 
(fiberglass) 

5.2 (1%) 

Roof decking (OSB) 2,108 (8%) 39.1 (7%) 2,393 (8%) 44.4 (8%) 

Roof exterior (asphalt shingles) 3,630 (14%) 145.9 (26%) 746 (2%)  30 (5%) 

Windows -   192 (1%) 1.9 (0.3%) 

Total combustibles 26,198 569.1 30,272 576.9 
a  Includes sheathing. 
 
 

Wood-based materials are the largest fraction of combustible mass in the examples shown here; 
wood and engineered wood products can be derived from a variety of species and can exist in many 
forms. Engineered wood products, such as oriented strand board (OSB), particle board, and plywood, 
contain adhesives and fillers that can account for up to 15 percent of the product by mass (Weyerhaueser, 
2018). The compositions of the adhesives have changed over time; originally, they contained 
formaldehyde, but now most adhesives are composed of methylene diphenyl diisocyanate (Blomqvist et 
al., 2013; Sandberg, 2016; Pokhrel et al., 2021). 

Additionally, wood products may be chemically treated to prevent rot, protect against attack by 
insects or microbes, or confer fire retardant properties. The use of a treatment depends on the application, 
with most treatments used in exterior materials. The prevalence of these treatments in structural materials 
and the particular chemicals used have varied over time. For example, a combination of chromium, 
copper, and arsenate was commonly used in outdoor wood products (e.g., decks, playgrounds) to protect 
against microbial attack but was phased out and replaced with alkaline copper quaternary. Flame 
retardants are increasingly used in exterior and interior structural materials (Lowden and Hull, 2013), with 
the types of compounds evolving over time (Popescu and Pfriem, 2019). Additives can account for up to 
10 percent of the mass of the treated wood, with exact amounts difficult to determine; safety data sheets 
provide a wide range of mass fractions. Additionally, specific compositional information is not always 
provided. Different treatments and/or additives can impact combustion properties and ultimate emissions 
into the environment. For that reason, treated wood cannot be discarded through regular municipal waste 
in California because of the hazardous nature of the treatments (CalRecycle, 2020). 

The composition of the other components of a structure, such as roofing, siding, and insulation, 
can vary depending on the manufacturer of the product. The amount and type of the materials used also 
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varies by type of home (e.g., apartment, manufactured home), geographic location, consumer preferences, 
common building practices, and building codes at the time the residence was built (Box 3-2). For 
example, exterior finishing has varied substantially over time, with brick and wood exteriors much more 
common in home construction through the 1970s and 1980s, but with vinyl siding becoming the dominant 
exterior in new home construction after 1990 (USDOC, 2010).  

These changes in consumer and builder preferences can alter the amount of combustible 
materials, their chemical composition, and the potential for release of chemicals of concern. For example, 
the transition from wood-based exteriors to asphalt roofing and polyvinyl chloride (PVC) siding changes 
the combustible mass, elemental composition, and energy content of homes and the nature of any 
combustion emissions. Similarly, the transition from vermiculite insulation (which may contain asbestos) 
to blow-in cellulose or polyurethane spray foam changes the amount of combustible materials that will 
yield emissions of chemicals of concern.  

As building codes and practices change over time, the distribution of building ages results in a 
wide range of housing materials used across the United States, and potentially in WUI areas. 
Additionally, the frequency and extent of home renovations are not well known (Ghattas et al., 2016; 
Dixit et al., 2012). Building components like roofing or siding are periodically replaced or repaired, while 
other parts like the interior framing may remain the same over the lifespan of the building (EPA, 2016). 
The long lifetimes of houses limit the impact of building codes introduced in the last three decades that 
mandate the use of ignition-/fire-resistant materials to reduce the risk from wildland fires, leading to 
regulatory initiatives to promote retrofits for existing homes (State of California, 2019).  
 
Characteristics of Materials in the Home 
 

When exposed to fire, the contents of a home influence combustion conditions and emission 
composition. The materials inside buildings are typically characterized through fire load surveys, where 
fire load is the total amount of heat released from complete combustion of the contents of a structure.   
Physical inventories, questionnaires, and digital surveys have all been used to quantify fire load (Elhami-
Khorasani et al., 2020). Fire load assessments date back to the 1940s. They have been done in various 
countries and do not exhibit trends by country or over time (Xie et al., 2019. However, fire load density 
(fire load per unit floor area) varies with residence size, with larger areas tending to have lower densities. 
The average fire load density for residential buildings is 645 ± 212 MJ/m2 (see Table 2 in Xie et al., 
2019). 
 
 

BOX 3-2 How Construction Materials Vary with Region 
 

Building materials vary by geographic location. Some information about construction materials is available 
from the US Census Bureau, which conducts an annual Survey of Construction and publishes data tables 
summarizing characteristics of newly constructed housing in each census division. 

An analysis of the 2009 data set by the National Association of Home Builders showed that, while vinyl 
siding was used in a national average of 36.2 percent of homes, regional use of vinyl siding ranged from a low of 
8.2 percent in the “West South Central” division (Texas, Oklahoma, Missouri, and Louisiana) to a high of nearly 
80 percent in the Middle Atlantic (New York, New Jersey, and Pennsylvania; Emrath, 2010). These regional 
trends can be strongly impacted by local building codes or environmental conditions. For example, while wood 
framing is used in most new homes across the United States, masonry or concrete homes account for nearly 20 
percent of homes built in parts of the South to protect from floods or high winds and hurricanes (USCB, 2020).  

Although Tables 3-1, 3-2, and 3-3 present some examples of the types and quantities of materials found in 
the built environment, it is important to note that factors such as geographic location and year of construction can 
introduce variability. In addition to the variability in material types, the elemental composition of construction 
materials (e.g., structural wood and insulation materials) can vary due to age, location, manufacturer, differences 
in manufacturing and treatment processes, and other factors. 
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Table 3-3 summarizes the bulk composition of a typical home’s contents. Only a limited number 
of studies have evaluated total interior fuel loadings for residences in North America. One study found 
that the main bedroom has the highest fire loading, followed by the kitchen, living room, basement living 
space, secondary bedrooms, and dining room (Bwalya et al., 2010). The fire loading density is the 
greatest in the kitchen and bedrooms, driven by the large amount of wooden cabinetry, furniture, and 
clothing contained in relatively small spaces. Bwalya et al. (2010) found that wood flooring, cabinets, 
tables, and display units contributed to the wood loading. Plastics were found in carpeting, foam 
cushioning, and synthetic fabrics. The fabric or textile content was due to clothing. 
 

TABLE 3-3 Typical Composition of the Moveable Fire Load in Residential Buildings 

Material 

Swedish Model Residences 
(Blomqvist and  

McNamee, 2009, Table 5) 
Canadian Kitchen  

(Bwalya et al., 2010) 
Canadian Bedroom  
(Bwalya et al., 2010) 

Wood/Paper 79.2% 86.5% 42.3% 

Plastics 12.3% 13.5% 26.4% 

Fabrics 4.3% 0% 31.4% 

Other 4.3%   

 

Characteristics of Vehicles 
 

Just as it is possible to characterize the main constituents in residential structures as shown in 
Table 3-3, it is also possible to do so for vehicles. Table 3-4 reports the main components of an average 
modern light-duty vehicle built in 2017. An average vehicle weighs 1,793 kg and is composed of ~75 
percent noncombustible materials and ~25 percent combustible materials by mass. The largest 
contributions to the combustible mass are plastic components, fluids and lubricants, and rubber. The 
noncombustible mass consists primarily of various metals and a small amount of glass. The average age 
of light-duty vehicles in use is 11.9 years, and the combustible composition has remained nearly constant 
over the past several decades (Davis and Boundy, 2021). The increasing percentage of trucks in the light-
duty fleet has led to a slight increase in overall vehicle mass over time (~7 percent greater in 2017 versus 
1995). A slight reduction of the noncombustible mass has also occurred, from 81 percent in 1995 to 76 
percent in 2017. 

Although reliable data exist on the bulk material composition of vehicles, the elemental 
composition of these materials is not as well-known but may be estimated using life-cycle analysis tools 
(e.g., GREET; Cai et al., 2021). Moreover, the material composition of vehicles will change as electric 
vehicles become more common. Hybrid electric vehicles accounted for 3.2 percent and battery electric 
vehicles accounted for 1.7 percent of new light-duty vehicle sales in 2020 (Davis and Boundy, 2021, 
Table 6.2), with both fractions of these vehicle types expected to grow.  

Battery electric vehicles are generally heavier than internal combustion engine vehicles due to the 
additional battery and associated power systems (Wang et al., 2021). Internal combustion engine and 
hybrid electric vehicles have gasoline and other flammable liquids. These liquids have high energy 
densities and may contribute a sizable portion of energy content that is not present in a battery electric 
vehicle (Table 3-4). 

Batteries may be a potent source of compounds of concern that could be liberated during a WUI 
fire or become a source of toxic combustion products. Most vehicles contain a lead acid battery, which 
varies from 6 to 16 kg depending on the type of vehicle and is ~70 percent lead by mass (Wang et al., 
2021). The nickel metal hydride battery sometimes found in electric vehicles can weigh as much as 1,270 
kg and is ~28 percent nickel by mass (Wang et al., 2021). These metals may be released into the 
environment during a WUI fire. Lithium-ion batteries, also used in electric vehicles, can emit fluorinated 
gases upon heating and during combustion (Sturk et al., 2019; Larsson et al., 2017). The composition of a 
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lithium-ion battery varies depending on the physical design and the battery chemistry (Elgowainy et al., 
2016). The most common lithium-ion battery chemistry uses a lithium cobalt oxide cathode, graphite 
anode, and lithium hexafluorophosphate electrolyte. However, many different types of battery chemistries 
are used to achieve various performance features, and it is likely that battery compositions and vehicle 
designs will continue to evolve, along with their overall contribution to emissions from WUI fires. 
 

TABLE 3-4 Mass and Energy Contributions to an Average Light-Duty Internal Combustion Engine 
Vehicle, Model Year 2017  

Material 
Mass in kg 

(% of combustible mass) 
Energy content in GJ 

(% of total energy content) 

Regular steel 554   
High- and medium-strength steel 347   
Stainless steel 33   
Other steels 14   
Iron casting 110   
Aluminum 189   
Magnesium castings 4   
Copper and brass 31   
Lead 17   
Zinc castings 4   
Powder metal parts 20   
Other metals 2   
Glass 43   
Plastics and plastic composites 155 (34%) 6.7 (43%) 
Rubber 93 (20%) 3.1 (19%) 
Coatings 13 (3%) 0.3 (2%) 
Textiles 21 (5%) 0.6 (4%) 
Fluids and lubricants 101 (22%) 2.5 (16%) 
Other materials 42 (9%) 1.0 (7%) 
Fuela 36 (8%) 1.5 (9%) 
Combustible portion 461 15.7 
Total mass 3,953   
aAmount of gasoline assumed to be 36 kg (13 gallons), corresponding to the default value in the GREET life-cycle 
analysis (Cai et al., 2021).  
SOURCE: Davis and Boundy, 2021.  
 

Persson and Simonson (1998) assessed that 9 percent of the plastic material of an automobile was 
PVC (containing chlorine) and 17 percent was polyurethane foam (containing nitrogen). Measurements of 
gas-phase emissions from vehicle fires have shown that compounds with a potentially adverse health 
impact on humans are produced in significant concentrations: Fent and Evans (2011) carried out a series 
of vehicle fires and measured air concentrations of formaldehyde, acrolein, and isocyanates. They 
estimated that personal exposures to these compounds were nearly 10 times the acceptable levels on an 
additive effects basis. In addition, electric vehicles and Li-ion batteries can be the source of hydrogen 
chloride (HCl) and hydrogen fluoride (HF), which have more severe health effects than asphyxiant gases 
(Fent and Evans, 2011). Other fluorine-based compounds, such as POF3 and COF2, have not been 
reported in significant quantities from fire tests with batteries. Table 3-5 presents examples of fire 
emissions from car components (Lönnermark and Blomqvist, 2006; Willstrand et al., 2020; Larsson et al., 
2017). 
  



The Chemistry of Fires at the Wildland-Urban Interface

Copyright National Academy of Sciences. All rights reserved.

Materials, Combustion, and Emissions in WUI Fires 41 

Prepublication Copy 

TABLE 3-5 Fire Emissions from Car Components 
Car Component Fire Emissions 

Door panel CO, HCl, HCN, NO, PCDDs/PCDFs, VOCs, PAHs, isocyanates 

Ventilation system CO, acrolein, formaldehyde, PAHs, VOCs 

Floor material CO, HCN, isocyanates, PAHs, VOCs 

Dashboard CO, HCN, NO, isocyanates, PAHs, VOCs 

Upholstery material CO, HCN, NO, HCl, SO2, isocyanates, PAHs, PCDDs/PCDFs, VOCs 

Electrical wiring CO, HCl, PAHs, PCDDs/PCDFs, VOCs 

Tire CO, SO2, PAHs, VOCs  

 

These studies of vehicle fires also showed that many chemicals (e.g., polycyclic aromatic 
hydrocarbons [PAHs] and metals) partition into the particle phase, in which form they can be inhaled 
deep into the lung. Table 3-6 presents an example of the elements identified in particulate matter (PM) 
from a vehicle fire (Lönnermark and Blomqvist, 2006). Such data need to be carefully examined, as metal 
composition differs among different vehicle and battery types (Lönnermark and Blomqvist, 2006; 
Willstrand et al., 2020; Larsson et al., 2017).  
 
Chemicals in Consumer Products  
 

Various data sets can provide some information on chemicals of concern in consumer products in 
the urban environment. These data sets have been developed for purposes like chemical exposure 
assessment, prioritizing of chemical toxicity screening, life-cycle analysis, or green building and design. 
Some data sources for building products, like Pharos (https://pharosproject.net/) and Building for 
Environmental and Economic Sustainability (Suh and Lippiatt, 2012), were designed to identify green 
alternatives or provide information for life-cycle analysis. Some data sources were designed for chemical 
exposure assessment, for example the Chemical/Product Categories Database (Dionisio et al., 2015) and 
the OrganoRelease framework (Tao et al., 2018). However, many unknowns about the composition of 
consumer products still exist. For example, a non-targeted analysis of consumer products by Phillips et al. 
(2018) measured numerous compounds in consumer products, of which over 85 percent were not listed in 
any chemical database. These non-targeted analyses along with surveys of consumer products and 
household exposure measurements demonstrate the difficulty of identifying chemicals of concern in the 
urban environment (Li and Suh, 2019).  
 

TABLE 3-6 Elements in PM Emitted from a Vehicle Fire 
Metal Mass concentration in PM (mg/kg) 

Cadmium 26 

Cobalt 5 

Chromium 59 

Copper 430 

Nickel 44 

Lead 12,800 

Antimony 230 

Thallium 80 

Zinc 50,300 

Fluorine 510 

Chlorine 39,000 

Bromine 4,000 

SOURCE: Lönnermark and Blomqvist 2006.  
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In addition to chemicals of concern in current use, many chemicals have been phased out but still 
exist in the urban environment due to legacy use (e.g., lead, polychlorinated biphenyls) and varying 
abatement practices. Weschler (2009) examined major trends in consumer products and building 
materials since 1950 and noted that usage of chemicals of concern varied considerably over time, and that 
historical usage was difficult to quantify. Many factors may impact material choices in the home, but the 
identification of health, environmental, or fire hazards were important drivers of usage trends (Weschler, 
2009; Cooper et al., 2016). 
 

Effects of Structure Density on WUI Fire Behavior 
 

In addition to the materials that make up WUI structures, the density of the structures themselves 
can affect WUI fire behavior. The material loading in the landscape is a key parameter since it can impact 
the fire spread, fire intensity, and quantity of emissions produced. Additionally, the ratio of urban 
structures and vehicles to vegetative materials combusted in a WUI fire will impact the combustion 
chemistry and the resulting amount and type of pollutants released into the atmosphere as well as those 
impacting air, soil, and water quality (see Chapters 4 and 5 for further details). However, the number of 
houses involved in a fire can vary greatly from one fire to the next, as can the amount of biomass loading 
and the wildland acreage burned (CAL FIRE, 2022). And, very little is known about the number of 
vehicles destroyed in WUI fires, as they are not typically quantified in damage assessments (Kuligowski, 
2021). 

Interface WUI areas (those at the edge of a large area of wildland) can have a high density of 
houses, and when these areas are exposed to wildland fire, large numbers of structures can burn and may 
have fire behavior and combustion emissions very different from WUI fires with less structures. The 
Marshall Fire in 2021 (estimated 1,081 structures and approximately 6,200 acres burned) and the Tunnel 
Fire in 1991 (estimated 2,900 structures and 2,000 acres burned; CAL FIRE, 2022) are two such 
examples, where relatively small grassland fires moved into densely populated areas, and the loading of 
urban fuels greatly exceeded the loading of wildland vegetation. 

Researchers have used models and WUI fire observations to better understand how a high 
structure density in interface WUI areas impacts the rate of spread and the heat release rate of a fire in an 
urban area in comparison to the surrounding wildland fire. For example, the high density of combustible 
materials in a structure in comparison to surrounding wildlands increases the duration of the fire and may 
influence the spread of the fire (Maranghides et al., 2015; Maranghides et al., 2013). Burning structures 
can also generate fire-induced winds that impact the rate of spread, as observed in the Tunnel Fire, where 
the spread rate slowed when the number of structures involved in the fire increased (Trelles and Pagni, 
1997). These examples contrast with WUI fires in intermix areas (alternating areas of housing and 
wildland), where the structure fuel loading is much lower (it may be comparable with that of vegetative 
fuels) and may have less of an impact on fire behavior. 

Rate of spread is often assessed for WUI fires, but few studies have specifically looked at the 
impact of structure fuel loading, although it is likely an important factor in fire spread (Masoudvaziri et 
al., 2021). Additionally, the heat release rate from WUI fires has not been comprehensively evaluated but 
will likely vary with the differing fuel composition and density in WUI fires compared to wildland fires 
(Simeoni et al., 2012). Rate of spread and heat release rate can impact combustion conditions, the timing 
of emissions, and the plume dispersion in the atmosphere. It is currently not known how the loading of 
urban fuels will impact these characteristics in WUI fires. 
 

Factors Impacting Structure Destruction in a WUI Fire 
 

The number of structures that will burn when exposed to wildland fire is highly variable. Many 
factors can impact the likelihood of destruction, and the significance of each factor, or combination of 
factors, is an active area of research.  
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Environmental conditions coupled with the topography of a WUI area can drive extreme fire 
behaviors that result in destructive WUI fires (Keeley and Syphard, 2019). The most destructive fires 
have occurred in the western United States during dry, downslope wind events (e.g., the Santa Ana or 
Diablo winds) and in terrain that channels fire-induced winds, increasing the probability of spot fires 
igniting ahead of the main fire front (Keeley and Syphard, 2019). Strong winds and dry conditions are 
common features of WUI fires across the United States (e.g., Maranghides and McNamara, 2016; the 
example fires described in Chapter 2). 

The number of structures present and their arrangement in the landscape are important factors 
(Syphard et al., 2019). Areas with a high density of combustible structures may experience greater 
structure-to-structure spread (Syphard et al., 2021, and references therein), and the increased combustible 
load may lead to more extreme fire behavior (Keeley and Syphard, 2019). However, fire spread can be 
mitigated in communities using fire-resistant materials and reduced combustible vegetation around the 
home. In areas where WUI fires are more frequent, regulations have been implemented to prevent the 
spread of fire (Philson et al., 2021).  

Finally, defensive action by firefighters can reduce destruction and potentially limit the spread of 
a fire within the urban area. However, it is difficult to quantify the impact of such defensive actions and 
how important they may be in relation to the other characteristics of WUI structures and their 
surroundings. 
 

Finding: Limited data exist on the composition of residential building materials and the materials 
within residences; the composition of these potential WUI fuels will be difficult to ascertain from 
existing fuel loading records, especially for important species such as halogens, phosphorous, and 
metals. WUI fire fuel loadings are complex and depend on the density of structures and landscape 
vegetation, the use of fire-resistant building materials, the number and type of vehicles left behind 
by evacuees, and defensive actions taken during the fire. 
 
Research need: More information is needed on the amount, type, and chemical composition of 
consumer products in residences at the WUI, including legacy materials and how these may vary 
with the age and condition of the home. Data are also needed on the amount and arrangement of 
urban structures, vehicles, and their surroundings. 

 
Changing Materials at the WUI 

 
As experience with WUI fires grows, some jurisdictions are changing building codes, which in 

turn will change the composition of structures and the wildland at the WUI. Table 3-7 describes actions 
that are currently used or proposed for use in WUI areas. For example, California building codes such as 
Chapter 7A of the California State Building Code (State of California, 2016b) or the National Fire 
Protection Association Standard for Reducing Structure Ignition from Wildland Fire (NFPA, 2018) 
describe building practices such as hardening of the home using Class A ignition-resistant roofs, enclosed 
eaves, multipane glass, and the use of noncombustible materials or ignition-resistant materials on the 
structure exterior. Many areas also have requirements to maintain defensible space by limiting the amount 
of combustible materials (e.g., landscape vegetation, leaf litter, wood stacks) near the home and reducing 
the horizontal and vertical distribution of fuels in areas surrounding the house that may promote the 
spread of a fire. 

In addition to state and local regulations, initiatives like the Firewise Communities (NFPA 
https://www.nfpa.org/Public-Education/Fire-causes-and-risks/Wildfire/Firewise-USA) have been 
established to help WUI communities identify mitigation strategies and encourage residents to take 
actions to protect their homes. Additionally, organizations such as the National Fire Protection 
Association and the Insurance Institute for Building Home and Safety have developed policy 
recommendations aimed at reducing risk (https://www.nfpa.org/outthinkwildfire and https://ibhs.org/wp-
content/uploads/2019/05/wildfire-public-policy.pdf, respectively). A summary of the recommended 
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policies and mitigation steps from these resources and others described in subsequent text is provided in 
Table 3-7. 
 

TABLE 3-7 Current and Potential Approaches to Modify Materials to Reduce Risk of WUI Fire 

Applicable Area Actions 

Wildlands  Use land management approaches to reduce fuel loading or otherwise modify fuel 
characteristics; approaches include grazing, prescribed fire, thinning, or other biomass 
reduction programs (USFS, 2022) 

Community  Set the community back from slopes where fire risk may be greater (CDLA, 2016) 
 Cluster ignition-resistant housing to reduce “collective exposure” (Moritz and Butsic, 2020) 
 Maintain protective buffers around communities (e.g., agricultural lands, irrigated parks, or 

other breaks in flammable fuel; Moritz and Butsic, 2020) 

External to the 
structure 

 Maintain a defensible space around structures by removing dead or dying vegetation, 
replacing vegetation with noncombustible materials (i.e., a hardscape), and maintaining 
space in between trees and between trees and the home (e.g., State of California, 2020; 
CAL FIRE, n.d.) 

 “Harden” the home by using fire-resistant materials such as stone, brick, glass, concrete, 
gypsum, stucco, and cement board, as well as ignition-resistant building practices, such as 
closing eaves and installing dual-pane windows and exhaust screens (e.g., State of 
California, 2016a,b) 

Inside the structure  Use interior furnishings with fire-resistant materials and limit the use of synthetic products 
based on petrochemicals that can be fuel sources 

 Avoid upholstered furniture, which is often the first item ignited by open flames, and 
instead use furniture with a fire-barrier material (with no added flame retardants, which can 
be detrimental to human health) between the cushioning and exterior textile (Zammarano et 
al., 2020) 

 Choose materials that are inherently fire resistant so that flame retardants are not used and 
human exposure is prevented (IFSTA, 2016) 

 

Prescribed fire is widely used in many parts of the United States, often for ecosystem health as 
well as reducing the loading of fine combustible biomass (grasses and shrubs). Grazing in shrub- or 
grassland-dominated areas reduces the fine biomass load and thus fire severity (Davies et al., 2015; 
Colantoni et al., 2020). Close to urban areas, mechanical treatments like tree and brush removal can 
reduce the combustibles immediately adjacent to developments. These approaches may have limited 
effectiveness, especially in shrub and grassland regions where vegetation regrows quickly, so additional 
actions are needed to reduce WUI fire risk (Schoennagel et al., 2017).  

A recent literature survey and compilation of recommendations in California (Moritz and Butsic, 
2020) highlighted community-scale risk reduction measures to help protect homes and lives from WUI 
fires in new developments. One example of a measure that may or may not reduce collective fire risk is 
clustering structures. The design, maintenance, and use of defensible space for fire protection is improved 
when neighborhoods are developed more densely and are built with stringent fire-resistant building codes; 
however, clustering may contribute to high fuel loadings. Wildland fire–resistant construction techniques 
to harden all the homes in a community can be used to minimize risk and protect homes from wildland 
fires with minimal additional cost (Quarles and Pohl, 2018); after a community or subdivision has been 
developed, the responsibility to mitigate risk by modifying the environment falls on homeowners, whose 
resources for retrofitting structures and maintenance of defensible space may be limited. 

In existing communities, the approaches to mitigate risk from WUI fires focus on using ignition-
resistant building materials, reducing fuels next to structures, and maintaining defensible space. In some 
areas, state laws or local ordinances are used to ensure that property owners maintain defensible space 
around structures. Changes to the building structure are implemented largely through renovations and 
replacements with ignition-resistant materials to align with current building codes. Proposed California 
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legislation would more widely encourage low-cost retrofits, require disclosure of fire safety retrofits 
during the sale of existing homes, and provide financial assistance for retrofits in an attempt to protect 
vulnerable communities that may not otherwise have the means to implement mitigation measures (State 
of California, 2019). 
 The effectiveness of any of these mitigation actions at preventing structure loss during a WUI fire 
has yet to be fully understood, and assessments of previous WUI fires show that many factors may play a 
role in structure survival (Syphard et al., 2021). A survey of some severe WUI fires in California showed 
that the impact of mitigation actions was only modest (Syphard and Keeley, 2019) and no single category 
explained more than 25 percent of the likelihood of survival (Syphard et al., 2021). The most effective 
actions were using covered eaves, multipaned windows, and screened vents to reduce ignition risk 
(Syphard and Keeley, 2019). Maintaining defensible space was less effective, showing the significance of 
ember ignitions, since embers can travel as far as 1 km in wind-driven fires (Keeley and Syphard, 2019). 

Mitigation measures to the structure and its surroundings may not be sufficient to reduce risk in 
some fire-prone landscapes. Keeley and Syphard (2019) noted landscape features that were common in 
some destructive fires. For example, developments on the edges of canyons or within a wind corridor may 
be particularly vulnerable. Additionally, some California coastal areas, despite repeated fire, have rapid 
regrowth of vegetation and seasonal meteorology that create hazardous conditions (e.g., dry fuels and 
strong winds) that lead to destructive fires. Some planning ordinances require the siting of developments 
to avoid areas of high fire risk, although this approach to mitigate risk is rarely used (Moritz and Butsic, 
2020). 
 

Finding: A variety of measures, from managing the combustible materials in the urban 
environment and surrounding landscape to using fire-resistant materials and structural designs, 
have been pursued to mitigate WUI fire ignition and spread. The collective effectiveness of the 
approaches and their associated costs remain uncertain. 

 
COMBUSTION 

 
As a result of the fuel loading and material composition of urban dwellings and infrastructure, 

intermixed with fuel loadings and compositions from wildlands, the chemistry of fires at the WUI is more 
complex than that of wildland or urban fires. However, the physics of WUI fires, wildland fires, and 
urban fires remain similar. For solid combustibles, all progress through slow and fast decomposition 
stages to emit volatile, semi-volatile, and particulate combustibles; wildland, urban, and WUI fires can all 
experience a variety of different types of combustion conditions, and leave residual char and 
noncombustible materials. Once in the gas phase, combustible materials can further react in flaming 
combustion and/or in hot regions without flames that support chemical oxidation reactions producing soot 
precursors, PAHs, and carbon-containing particulates. Depending on the chemical composition of the 
materials, collectively and through various reactive extinction and quenching effects, these processes lead 
to emissions of VOCs, species containing halogens, nitrogen, sulfur, flame retardant species, 
organometallics, metals and metal compounds, and carbon-containing particulates.  

The spatial and temporal distribution of ignition, evolution, and propagation steps of all large-
scale fires depends on the spatial distribution of combustible materials, meteorology, and interactions 
with fire-induced (i.e., buoyancy-induced) convection and terrain features. Ignition processes and fire 
spread result from local radiative and convective heat transfer, as well as the spot fires produced by the 
projection of firebrands (i.e., “glowing” combustion fragments that can drift through the air and cause 
flaming combustion when they encounter more fuel). Firebrands carried by turbulent fluid dynamics can 
ignite combustible materials, starting spot fires that are as much as 5 km or more ahead of the major 
propagation line (e.g., Koo et al., 2010; Maranghides et al., 2021). Predicting and mitigating spot fire 
ignition from firebrands remains a subject of continuing research (Manzello et al., 2020; Suzuki and 
Manzello, 2021). The overall heat release and interactions of urban fire emissions with those from 
surrounding vegetation (which include in-soil, ground level, mid-height, and canopy contributions) will 
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influence the fire plume injection altitude and composition. The fire’s burning rate together with these 
plume injection parameters will affect the downstream plume aging and secondary pollutant generation 
(Atchley et al., 2021; Hallquist et al., 2009), as discussed in detail in Chapter 4. 

This section describes the following: 
 

 The nature of premixed and mixing-limited combustion behavior, which determines the 
temperatures, chemical kinetics, and heat release associated with fires fueled by condensed 
phase materials (biomass and human-made products) and liquid combustibles 

 The chemical pathways and radical species that dominate combustion chemistry, and how these 
pathways are influenced by the presence of human-made materials, particularly halogen-, 
nitrogen-, and metal-containing species 

 The factors impacting the interaction of the fire plume with surrounding ambient air, eventually 
leading to buoyant plume rise and longer characteristic reaction times, changing plume plume 
composition and plume injection characteristics.   

 
Premixed and Mixing-Limited Combustion 

 
Flaming combustion occurs under two distinctly different limiting regimes: (1) fuel and air fully 

mix prior to combustion, termed “premixed” combustion; and (2) fuel and air are initially separate, but 
react in a region where they simultaneously mix, termed “mixing-limited” or diffusively limited 
combustion (diffusion flames). Mixing-limited combustion is characteristic of burning solids and liquid 
fuel sprays that vaporize as they burn, but understanding premixed combustion is important for describing 
the gas-phase combustion behaviors involved in ignition processes and the “partially premixed” turbulent 
flame structures typical of fire plumes (Tieszen and Gritzo, 2008). 

Mixing-limited flames occur in both wildland and WUI fires. An example is a stabilized, mixing-
limited flame held in the air flow around a small-diameter tree branch, from which flammable fuel 
concentrations are produced as a result of radiative heating from the surrounding fire and surface 
reactions. Another example is a stabilized, open-air, turbulent, mixing-limited flame generated by the 
rapid mixing of flammable gases and aerosol exiting from an enclosure fire, such as through a broken 
window of a burning structure. Premixed and partially premixed flames also occur in both wildland and 
WUI fires, at times in complex spatial relationships with mixing-limited flames, such as a burning, 
convecting cloud within a rising fire plume. 

For both premixed and mixing-limited combustion, the chemistry will be impacted by the amount 
of oxidizing species. The fuel-to-oxidizer ratio of any unreacted fuel and oxygen can be referenced 
against that which is theoretically required to fully oxidize the fuel. The equivalence ratio, ϕ, is defined 
as, 
 

 

𝜙 ൌ

ሾ𝐹𝑢𝑒𝑙ሿ
ሾ𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑟ሿ

൬
ሾ𝐹𝑢𝑒𝑙ሿ

ሾ𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑟ሿ൰ௌ௧

    𝜙  1 Fuel Rich;  𝜙 ൏ 1 Fuel Lean 

 
where the brackets denote molar concentration units. In any flame, the combustion heat release and 
therefore the maximum theoretical flame temperature correspond to stoichiometric conditions (i.e., ϕ = 1).  

For premixed flames, the maximum theoretical flame temperature is defined by the premixed 
value of ϕ. Lean and rich flammability-limit values of ϕ exist that bracket the values for which premixed 
flames can exist. The lean limit for laminar premixed hydrocarbon flames is typically between 0.5 and 
0.55 for air, but the rich limits vary substantially with the fuel’s chemical composition (Glassman et al., 
2014). Chemical reactions can proceed outside these flammability limits, if the gas temperatures are 
sufficiently high, but no flames will be present. For mixing-limited flames, the mixing of fuel and air as 
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burning occurs results in a flame structure with a range of equivalence ratios spanning from very rich 
values to very lean values. The peak mixing-limited flame temperature occurs where fuel and oxidizer 
meet in stoichiometric proportions, and the rate of overall reaction within the flame depends on the rate of 
fuel/oxidizer mixing. 

Flame temperatures achieved in premixed and diffusion flames, in turn, have a complex impact 
on rates of combustion reactions and on species that result when a quenching or extinction of a flame 
structure occurs. In premixed flames, dilution of the oxidizer by nitrogen (air) and/or by the potential 
recirculation of combustion products into the flaming region reduce the peak flame temperature and affect 
flammability limits. Significant dilution or fluid dynamic interactions of premixed as well as diffusion 
flames lead to quenching/extinction, resulting in incomplete conversion to final combustion products.  

A common belief is that overall chemical oxidation timescales for flammables containing 
hydrogen, carbon, and oxygen in the gas phase, whether aerosols or vapor, decrease exponentially with 
increasing temperature. Often this is not the case, especially for species with a large carbon number 
(carbon number > 4 for alkane structures; carbon number > 8 for aromatic structures). In these cases, the 
overall rate of oxidation is controlled by the complex interactions of numerous elementary reactions. 
These reactions each have unique chemical thermodynamic and elementary rate parameters, which in 
concert change the governing reaction pathways, the likely intermediate species, and the most impactful 
active radicals (e.g., see Curran, 2019; Wang et al., 2019; Kohse-Hoinghaus, 2021). As a result, the global 
oxidation reaction rate may increase or decrease with increasing temperature. 

Typically, the characteristic reaction times at temperatures below ~500 K are too long to be 
relevant to the gas phase of the flame and near-field plume but may be important in terms of condensed 
phase processes (for example, spontaneous heating to ignition; Jones et al., 2015). The overall rate of 
oxidation increases with increasing temperature from the usual values found in the troposphere (~193 K 
to ~298 K) to around 600 K. As temperature increases through this range, the overall reaction rate 
eventually “turns over” and decreases with increasing temperature. The decreasing trend continues with 
increasing temperature until the overall rate abruptly begins increasing with increasing reaction 
temperature once again. The range of temperatures over which the rate decreases with increasing 
temperature is termed the “negative-temperature-coefficient regime.” 

The abrupt transition from the negative-temperature-coefficient regime behavior, frequently 
termed “hot ignition” in the kinetic literature, results from the rapid thermal decomposition of hydrogen 
peroxide (H2O2). The fast decomposition of this intermediate species, which is much more stable at lower 
temperatures, leads to the production of OH radicals and autothermal acceleration of the overall rate by 
the production of water from reactions with fuel species. With further increases in reaction temperature, 
the thermal decomposition of large hydrocarbon radicals becomes rapid, and eventually chemical chain 
branching (i.e., reactions for which the consumption of a reactive radical results in the generation of more 
than one reactive radical) ensues. The turnover temperature, hot ignition temperature, and transition to 
chemical chain branching behavior are all determined by fuel species, oxygen concentration, and 
pressure.  

Complex behaviors are driven by the range and spatial distributions of temperature found in all 
fires involving hydrocarbons or oxygenated hydrocarbons with large carbon numbers. The fundamental 
kinetic details for the oxidation of hydrocarbon and oxygenated hydrocarbon species at temperatures 
below the transition to chemical chain branching remain a very active area of combustion-related research 
(Ju et al., 2019; Ju, 2021; Wang et al., 2019). The significance of these kinetic behaviors in the various 
stages of smoldering combustion and in large-scale free-burning fires has not been explored. However, 
some of the large-carbon-number hydrocarbon and oxygenated species other than aromatics, known to be 
present, are likely to react within the fire environment and the plume at temperatures below 800–900 K 
but above the surrounding ambient temperatures by several hundred degrees Kelvin. 
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Chemical Pathways and Radical Species 
 

The hydroxyl radical (OH) is a key active species in all oxidation processes occurring in low-, 
intermediate-, and high-temperature kinetic regimes. Two primary types of reactions involving OH and 
fuel species occur. Hydroxyl radicals can abstract an H atom directly from a C-H bond site, or OH can 
add to a molecule, forming an “adduct.” In both cases, the result eventually produces other products. 

The abstraction reaction can be written generically as RiH + OH ⇒ Ri + H2O, where Ri represents 
a hydrocarbon or oxygenated hydrocarbon radical with a H atom removed from a C-H bond site. The 
radical Ri generally proceeds to react with molecular oxygen (i.e., Ri + O2 ⇒ RiO2); or if Ri is a radical 
with a large carbon number, it may thermally decompose to form additional radicals (Ri ⇒ Ri′, Ri″ + … + 
olefinic species; i.e., species containing carbon double bonds). Reactive radicals such as OH or HO2 will 
be regenerated only after a number of additional reactions involving further reactions of R, R′, R″, the 
olefinic species, and intermediates formed from them with oxygen. Many radical and molecular oxygen 
addition reactions are also possible.  

The addition reactions of OH with molecular hydrogen and with carbon monoxide (CO) are 
unique in that each reaction results in a stable species and a highly reactive H atom (i.e., H2 + OH ⇒ H + 
H2O and CO + OH ⇒ HOCO ⇒ CO2 + H). The adduct HOCO is typically short lived at the reaction 
temperatures of interest in fires and hot fire plumes. The OH addition reactions represent a class of 
reactions referred to as “chain carrying” reactions, in which the consumption of a reactive radical leads to 
the formation of a product and another reactive radical. As noted earlier, both OH and H are highly 
reactive radicals. 

Which type of reaction occurs depends on the reacting species and temperature. Especially at 
lower temperatures and for olefinic or aromatic species, the addition reaction RiH + OH ⇒ HORiH is 
favored. For ethylene and propene, species often found in wood’s oxidative pyrolysis products, the OH 
addition reaction is also favored over abstraction below ~900 K, but becomes disfavored above ~900 K; 
for acetylene, addition remains prevalent to temperatures approaching 1,050 K (Khaled et al., 2019). 
Understanding these fundamentals of OH radical reactions is essential to understanding the effects of the 
relative rates of OH reaction with hydrocarbons and oxygenated hydrocarbons in comparison to OH 
reaction with CO and hydrogen, at intermediate and high temperatures. 

An important characteristic of the homogeneous, gas-phase oxidation of a mixture of RiH species 
is that the CO that forms is oxidized to CO2 (>98 percent) almost entirely through only one reaction 
pathway, CO + OH ⇒ CO2 + H. The oxidation reactions of CO with molecular oxygen, oxygen atoms, or 
hydroperoxyl radicals (HO2) are all much, much slower than reaction with OH. In comparison to the 
overall rate constant, the rate constants for all hydrogen abstraction reactions by OH from C-H bonds are 
typically more than an order of magnitude larger (Atkinson, 2003; Han et al., 2018). This holds for all 
homogeneous, gas-phase oxidations of mixtures of RiH species found in wildland and WUI fires. 

Phenomenologically, this disparity in rate constants for OH reactions with CO and RiH leads to a 
sequential, overall oxidative progress: (1) first hydrocarbons and/or oxygenated hydrocarbons 
concurrently convert to species with smaller carbon numbers, such as formaldehyde (CH2O), methane 
(CH4), ethylene (C2H4), acetylene (C2H2), and eventually CO and H2O; and (2) the oxidation of CO to 
CO2 follows (Glassman et al., 2014), only after most of the hydrocarbon species have been substantially 
depleted. For example, the rate constant for CH2O (formaldehyde) + OH => HCO + H2O is larger than 
that for CH4 + OH => CH3 + H2O, and more than an order of magnitude larger than that for CO + OH. 
Thus, for mixtures of equal concentrations of CH2O or CH4 and CO, the oxidation of CO by OH will be 
strongly inhibited by the competitive reactions of OH with CH2O and CH4. Only after the hydrocarbon 
species are substantially depleted can CO successfully complete for OH radicals. This means that CO can 
be used as an indicator species for the overall extent of oxidation of hydrocarbons in plumes, as discussed 
later in this chapter. On the other hand, however, the addition reactions of OH with C2H4 and C2H2 do not 
compete favorably with CO + OH. In fact, for ethylene and acetylene, their co-presence with CO actually 
promotes CO oxidation (Yetter and Dryer, 1992).  
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In general, in wildland and WUI fires and their hot plumes, where intermediate and high 
temperatures are present, the gas-phase oxidation of CO to CO2 will be negligibly slow in mixtures of 
larger-carbon-number hydrocarbons, oxygenated hydrocarbons, and CO, as long as the following is true: 
 

(ሾCOሿ ൈ kେ,ୌሻ ≪ ∑ ሺሾR୧Hሿ ൈ k୧,ୌሻ୨୨  
 

The brackets denote concentration units consistent with the units used in specifying the rate 
constants, k. The relationship described by the equation has implications in terms of the relative 
[RiH]/[CO] ratios found for all the species present, since the OH in the plume is typically the most 
reactive species with VOCs. 
 
The Effect of Halogens 
 

The introduction of human-made materials as fuels alters the radical concentrations and dominant 
pathways. Halogens, particularly Cl and Br, play significant roles (Hastie, 1973). The inhibitory effects of 
halogens, phosphorous, and antimony have inspired their use in formulating flame retardants (Gann and 
Gilman, 2003; Morgan and Gilman, 2013). Conversely, and as discussed in Chapter 4, chlorine radicals 
can accelerate the reactions of hydrocarbons under ambient tropospheric conditions (Tanaka, 2003). The 
gaseous emissions produced in fires with halogens present (whether from flame retardants or the 
oxidative decomposition of human-made materials containing halogens) have differing compositions and 
yields than the combustion emissions of materials without halogens (Senkan, 2000). The presence of Cl, 
which yields HCl (a stable product) during the oxidation process, enhances the rate of radical termination 
through a number of elementary reactions: 
 

Cl + HO2 => HCl + O2  
CO + Cl + M <=> COCl +M  

COCl + Cl => CO + Cl2 
Cl2 + H => HCl +Cl,  

 
The net change produced by these reactions is, 
 

H + Cl => HCl 
 
Other Cl reactions that yield stable products are, 
 

HCl + OH => H2O +Cl 
H + Cl + M => HCl +M 

 
And, at high flame temperatures, the reactions are, 
 

Cl + Cl + M <=> Cl2 + M 
H + Cl + M <=> HCl + M 

 
In addition to quenching combustion reactions by enhancing radical termination, halogen chemistry can 
have a variety of other effects, including the stong inhibition of CO oxidation by CH3Cl, another species 
found in emissions from the combustion of plastics containing Cl. 

The impacts of halogen chemistry can also vary between premixed and mixing-limited flames. In 
premixed flames (Babushok et al., 2014), chlorine-containing inhibitors scavenge radicals. Other 
halogens also enhance termination reactions, with the effectiveness of the inhibition cycles of all the 
halogens scaling in the order F < Cl < Br ≈ I, in both laminar premixed flames and perfectly stirred 
reactor conditions (Schefer and Brown, 1982).  
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For mixing-limited flames, the impacts are more complex. Halogens have different effects 
depending on whether the halogenated species is added to the fuel side or to the oxidant side of the 
mixing-limited flames. Simmons and Wolfhard (1956) noted in their early work on the inhibition of 
coaxial mixing-limited flames of propane and air by CH3Br that the inhibitor was much more effective 
when added to the fuel side rather than the oxidizer side of the flame. Later, Creitz (1961) investigated the 
inhibition of axial mixing-limited flames of six different fuels with air. Contrary to the work of Simmons 
and Wolfhard, when adding CH3Br and CF3Br to the fuel or oxidizer side, the volume percentage required 
to extinguish the flame was much greater when the species was added to the fuel side for all fuels studied, 
except carbon monoxide.  

Pitz and Sawyer (1978) investigated the combustion of flammable vapors produced by 
polyethylene or PVC using an opposed-flow reactor, which combines the flammable vapors with oxidant 
under mixing-limited conditions. (PVC is essentially polyethylene with one hydrogen atom replaced by 
one Cl atom.) Pitz (1982) followed this initial work with more refined experiments using chlorinated 
polyethylene as the solid fuel and numerical modeling of the results. Similar to Simmons and Wolfhard, 
all the data suggested that halogen inhibits more strongly when added to the fuel side rather than the 
oxidizer-rich side of mixing-limited flames.  

The disparate nature of the work of Pitz with that of Creitz can be to some extent resolved by 
studies reported by Linteris (1997) on the amount of acid gases generated near the extinction of propane 
flames in two coaxial diffusion configurations. A wide range of molecular inhibitor candidates containing 
halogens were compared, each having different chemical structure elemental ratios of 
carbon/hydrogen/halogen (Cl, Br, F). For the same inhibitor, the amounts of the inhibitor species required 
for flame extinction in the two configurations were different. In each configuration, the amount also 
differed whether the inhibitor was added to the fuel or oxidizer side of the flame. The amount of acid 
gases emitted at extinction was also different for each inhibitor and configuration.  

For solid materials burning diffusively, the material C/H/halogen elemental composition is 
defined, and the flame structure will be one in which the halogen is present on the fuel-rich side. 
However, once acid gases and other species from the diffusive-limited combustion are produced, these 
species may be present on both the oxidizer and fuel sides in downstream, partially premixed, turbulent 
flames, for example, in the case of enclosure fire emissions burning in external, open-flame structures of a 
building. 

The contrast of these studies indicates the complexity of considering the influence of halogens in 
mixing-limited combustion under different flame configurations, and with chlorinated species of different 
carbon numbers and halogen contents. In WUI fires, halogens will be present on the fuel side as a 
halogen- containing solid such as PVC is burned. On the other hand, the HCl and other chlorinated 
species produced as products may enter other partially premixed and mixing-limited flame structures 
mixed with air. Interactions of halogens in partially premixed turbulent flames, as are present in wildland 
and WUI fires, need further investigation. The unknown extent of halogen chemistry in WUI fire plumes 
limits the applicability to WUI fire plumes of empirical results relating emissions to CO concentrations 
that are based on wildland fire plumes.  
 
The Effect of Nitrogen Species 
 

Nitrogen species in flames can be produced at relatively low temperatures from the oxidation of 
organically bound nitrogen species such as nylon, and from the oxidation of plastics (Chaos et al., 2009). 
At temperatures from about 600 K to 1,150 K, the presence of even small amounts of NO or NO2 can 
provide a rapid conversion of HO2, a much less reactive radical, to a reactive OH radical. This increase in 
OH production occurs through a collection of reactions involving very small concentrations of NO and 
NO2 present in an oxidizing mixture of RiH. 
 

NO + HO2 => NO2 + OH 
NO2 + H => NO + OH 
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H + O2 + M => HO2 + M 
 

In combination, these elementary reactions yield the overall reaction result: 
 

2 H + O2 => 2 OH, 
 
thereby transforming the pseudo-termination species HO2 into reactive OH radicals. A substantial amount 
of published literature shows the enhancement of oxidation reactions of hydrocarbons and hydrocarbon 
oxygenates by the presence of NO and/or NO2 at temperatures from around 600 K to 1,050 K. Studies 
also consider other reactions involving NO2 as an oxidant of hydrocarbon radicals (Ano and Dryer, 1998; 
Alam et al., 2017; Glarborg et al., 2018; Marrodan et al., 2019). The role of CO2 and H2O on NO 
formation during char-bound N oxidation has also been noted in the literature (Karlström et al., 2020).  

As in the case of halogens, interactions of nitrogen species in flames present in wildland, urban, 
and WUI fires need further investigation. The unknown extent of nitrogen chemistry limits the 
applicability to WUI fire plumes of empirical results relating emissions to CO concentrations that are 
based on wildland fire plumes. Finally, both halogenated and nitrogen-containing WUI plume species that 
evolve from the combustion of synthetic materials are important to initializing subsequent secondary 
aerosols and emissions generated in plume dispersion and transport (Cai and Griffin, 2006; Choi et al., 
2020; Wang and Ruiz, 2017).  

All of this discussion is based on chemistries that occur in the presence of oxygen and at 
relatively high temperatures. Pyrolysis chemistry and smoldering combustion will also be important in 
some fire environments, and the nature of these chemistries in WUI fires is expected to be different than 
pyrolysis and smoldering combustion chemistry in wildland and urban fires for many of the same reasons 
discussed here. 
 

Finding: Both the mass of fuel and the elemental composition of human-made fuel materials are 
important in assessing the effects of halogens, nitrogen, and other elements that have potential to 
alter the chemistry and affect the composition of the species found in WUI fire plumes, both in 
the near field and as the plumes age. Temperatures experienced by these human-made materials 
during the combustion process will also influence the evolution of WUI fire chemistry by 
impacting the evolution of key radical species.  
 
Finding: Comprehensive, detailed kinetic models are not available for assessing the individual or 
combined effects of halogen-, sulfur-, metal-, and nitrogen-containing species, found in biomass 
or human-made materials, on combustion emissions associated with wildland and WUI fires.  

 
The relative importance of various pathways depends on temperature as well as concentrations of 
reactants, intermediate products, and products of the combustion chemistry. These conditions are not well 
understood for combustion at the WUI.  
 

EMISSIONS 
 

The chemistry of WUI plumes evolves in complex ways as temperatures change and as the 
chemical species in the plume encounter different radical populations. Defining emissions associated with 
a plume implicitly requires a definition of the point at which a chemically evolving plume is injected into 
the atmosphere as an emission. There are different ways to define emissions in different technical 
disciplines. For example, in the area of fire toxicity, the commonly used term “fire emissions” is replaced 
by the term “fire effluents,” which include all gases and aerosols, including suspended particles, created 
by combustion or pyrolysis (ISO, 2017). In regulatory emissions reporting, the emissions sometimes are 
defined at the point of release (e.g., in an exhaust stack) and sometimes after some mixing with the 
ambient atmosphere (e.g., as for flares). There is not yet a precise and widely accepted definition of the 
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term “emission” for WUI fires and therefore, variable definitions are in use for when and how an 
emission is injected into a surrounding air mass.   

Approaches used to characterize emissions utilize emission factors (EFs) and emission ratios 
(ERs). Different approaches are employed for wildland fires and enclosure fires, but most approaches use 
empirical relationships between EFs or ERs and some measure of combustion efficiency.  
 

Wildland Fire Emissions 
 

Andreae and Merlet (2001) summarize a framework of using EFs and the early history of 
developing methodologies to quantify the impact of biomass burning on air pollution (Akagi et al., 2011; 
Urbanski, 2013; Andreae, 2019). An EF is typically defined as the mass of a compound emitted per 
kilogram of dry fuel combusted. Numerous studies on emissions from wildland fires over the past several 
decades have resulted in a large database of EFs for a wide range of ecosystems and biomass species. 
Large databases of average EFs and their variations over a wide number of fires, derived from plume 
data, have been generated. Andreae (2019) recently expanded and updated prior efforts, to include 
additional data and analyses with a global context; and Prichard et al. (2020) have compiled EFs with a 
North American focus. 

EFs are typically defined using the “carbon balance method” as, 
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where EFi is the mass of compound i (in grams) emitted per kilogram of dry fuel burned, FC is the mass 
fraction of carbon in the fuel (typically assumed to be 0.45–0.5; Andreae, 2019), MWi is the molecular 
weight of compound i, and Ci/CT is the number of moles of compound i emitted, divided by the total 
number of moles of carbon emitted. The mass fraction of carbon in the fuel varies little for biomass, but 
in the case of human-made materials, the value may vary substantially. The value of Ci/CT is typically 
determined from an individual fire-averaged measurement, calculated from the averaged ERs using, 
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where NCj is the number of carbon atoms in compound j, summed over all carbon-containing compounds, 
and ΔCi/ΔCCO2 is the fire-averaged ER of compound i to CO2: 
 

∆C୧
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ൌ  
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This “carbon balance method” is most accurate when all of the burnt carbon has been volatilized 

and quantified. Ignoring particulate carbon content and undetermined volatile species typically leads to at 
most a 10 percent underestimation of the total carbon, even for full-scale fire conditions (Yokelson et al., 
1999). Enhanced ERs or “normalized excess ERs” correct for background concentrations and may 
sometimes use other compounds conserved in the plume other than CO2. The reference compound chosen 
is generally selected such that its background concentration in the atmosphere is low and exhibits minimal 
variation (for example, CO). In this case, the normalized excess ER, EnRi/CO, for compound i is defined 
as, 
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where ΔCi is the background-subtracted concentration of species i, Ci,plume is the concentration of species i 
in the plume, and Ci,background is the concentration of species i in the background air; and similarly, ΔCCO is 
the background-subtracted CO concentration, CCO,plume is the CO concentration in the plume, and 
CCO,background is the concentration of CO in the background air.   

EFs will depend on the combustion characteristics under which the emissions are generated, and 
these conditions are frequently characterized by a combustion efficiency (CE) in the plume. The CE 
determined from plume measurements yields a reasonable estimate of the total carbon consumed in the 
burning process as well as the relative contributions of smoldering and flaming combustion to the 
composition of species injected into the plume. The CE is derived from, 
 

CE ൌ
∆େిోమ

∆େిోమା ∆େిో ା ∆େిౄర  ା ∆େొోిା ∆େౌి
  

 
where the denominator represents all sources of carbon added to the atmosphere by the plume and the 
subscripts designate CO2, CO, CH4, non-methane organic carbon (NMOC), and particulate carbon (PC). 
The term ΔCNMOC and the term ΔCPC can sometimes be made using direct measurements, for example, 
methane and total non-methane organic carbon can be estimated using an instrument that is sensitive to 
total carbon content, although the accuracy of these types of measurements depends on the species being 
analyzed. Similarly, ΔCPC can be measured using instruments sensitive to total carbon in the particle 
phase. However, these measurements are often not available, and modified combustion efficiency (MCE) 
is frequently used as an approximation, ignoring all but CO and CO2 carbon emissions, as, 
 

MCE ൌ  
∆Cେଶ

∆Cେଶ   ∆Cେ
  

 
Well-ventilated flaming (low smoldering contributions) produces a MCE near 0.99, while the 

MCE of smoldering itself may vary substantially (~0.65–0.85) but is typically found to be near 0.8. Thus, 
an overall, fire-integrated, time-averaged MCE near 0.9 might be expected to imply roughly equal 
contributions from flaming and smoldering. However, some of the emissions from smoldering are likely 
to be further processed in high-temperature, flaming regions, depending on if the smoldering was initial, 
concurrent with, or subsequent to the flaming of the wildland fire.  

As described in the previous section, the oxidation of CO in WUI fires depends on the 
temperature history of the fire and the materials combusted in the fire. Historically, the CE and MCE have 
been used to indicate the contributions of smoldering and flaming combustion in wildfire plumes. CE and 
MCE might also indicate the contributions of smoldering and flaming combustion in WUI plumes; 
however, the precise relationship between smoldering and flaming combustion and CE/MCE is uncertain.  

The correlation of enhanced ERs for species i as a function of MCE would perhaps allow the 
determination of a more robust description of the composition of species injected into the plume. MCE is 
also likely to be time-dependent for large-scale fires, resulting in variability of the EFi values from the 
averaged value frequently reported over many different fires (Wiggins et al., 2021). Historically, “fresh” 
EFs from both lab and field studies for wildland fires compare favorably for some species with conditions 
generating the same MCE. Attempts to devolve the averaged measurements in a meaningful manner to 
obtain a time history of plume composition are complex and contribute to uncertainties in quantifying 
plume properties. Nonetheless, determining ERs and EFs from plume sampling, along with CE and MCE 
from plume measurements, has progressed immensely over the last decade. 
 
Data from Recent Measurement Campaigns 
 

Several intense field campaigns and emerging analyses of the resulting data show an improved 
ability to define the composition of wildland fire and WUI fire plumes. For example, the National Science 
Foundation and National Center for Atmospheric Research used a C-130 research aircraft during the 2018 
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Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN) field 
campaign (NCAR-UCAR, 2018) to take comprehensive smoke-characterization measurements; the 
aircraft traversed fire plumes and sampled and analyzed their compositions using a custom-built proton-
transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS) instrument and other instrumentation 
(Permar et al., 2021).  

Researchers identified and quantified ERs and EFs for 161 VOCs in 31 near-plume flight 
transects of 24 wildland fires. As shown in Figure 3-2, ten species accounted for about 53 percent of the 
measured mass. 

Figure 3-3 plots EFs (Permar et al., 2021) for the 20 most abundant emitted VOC species, by 
mass, as measured in a number of field experiments. Overall, the WE-CAN data campaign increased the 
number of species that have been identified in wildland fire plumes, found that the emissions of only 98 
species accounted for 76 percent of the average total measured VOC mass, and found that the EFs had 
statistically significant and negative dependences on MCE. VOC mass fractions showed much less MCE 
dependence, with significant overlap within the observed MCE range, suggesting that a single speciation 
profile might be able to describe VOC emissions for the western US coniferous forest wildland fires 
sampled during WE-CAN.  

Additional field studies, such as Fire Influence on Regional to Global Environments and Air 
Quality (FIREX-AQ; Sekimoto et al., 2018), have suggested alternatives to CE and MCE for 
characterizing combustion consitions (e.g., high and low temperature combustion), and have examined 
the contributions that fire emissions can make to regional photochemistry as the plumes evolve (see 
Chapter 4). These types of field programs undertaken for wildland fires demonstrate the types of advances 
that can be made in developing emissions estimates; however, data for WUI fires similar to the wildland 
fire data from WE-CAN and FIREX-AQ are not available. EFs for WUI fires would be expected to 
contain contributions from halogenated compounds, nitrogen-containing compounds, and other species 
and would likely need to characterize not only combustion characteristics, but also the relative 
magnitudes and compositions of urban and wildland fuels consumed by the fires.  
 

 
FIGURE 3-2 The cumulative mass fraction of the total measured VOC emissions as a function of 
measured VOCs during WE-CAN. Measurements were taken by PTR-ToF-MS unless otherwise 
indicated (AWAS = Advanced Whole Air Sampler; I-CIMS = iodide-adduct, high-resolution time-of-
flight chemical ionization mass spectrometry). SOURCE: Permar et al., 2021. 
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FIGURE 3-3 Box plot of EFs for the 20 most abundantly emitted VOCs, by mass, during WE-CAN, 
compared with selected data sets from the literature (see Permar et al., 2021 for details). Measurements 
were taken by PTR-ToF-MS unless otherwise indicated (TOGA = gas chromatography–based Trace 
Organic Gas Analyzer). 
 

PM Emissions 
 

Particulate matter (PM), consisting of species contained in a liquid or solid atmospheric aerosol, 
is one of the most important pollutants associated with fires. While PM accounts for only about 2 percent 
of the carbon emissions from wildland fires (Urbanski, 2014), its health impacts can be significant (see 
Chapter 6). Wildland fire PM is primarily composed of organic carbonaceous species, with minor 
contributions from elemental or “black” carbon (5–10 percent) and less than 5 percent from inorganic 
compounds (e.g., potassium, chlorine, sulfate), which depend upon the original concentration in the 
biomass (Jaffe et al., 2020). 
 Nearly 3,000 different compounds have been detected in PM emitted by fires, but only about half 
have been identified (Jen et al., 2019). Major classes of organic compounds included sugars, noncyclic 
aliphatics, organic nitrogen compounds, methoxyphenols, and substituted phenols. Researchers identified 
a small percentage of emissions from the burning of woody debris that, despite burning under very 
different conditions (MCE 0.98 vs 0.78), emitted similar compounds, demonstrating that fuel type can be 
a more important factor than combustion conditions in determining organic speciation (Jen et al., 2019). 
These organic compounds also span a range of volatilities, with many having the potential to partition 
between gas and particle phases, depending on the local concentration and temperature (May et al., 2013; 
Hatch et al., 2018). No comparable analyses of PM generated by WUI fires is available. 
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Urban Fire Emissions 
 

Emission estimates for WUI fires must involve some parameterization of urban emissions that 
add to and potentially modify emissions estimates for wildland fires. Current understanding of urban 
emissions is based on laboratory experiments using configurations and conditions relevant to enclosure 
fires, (i.e., fires within buildings). The configurations emphasize the pyrolysis, oxidative pyrolysis, and 
boundary layer conditions that determine the intermediate reaction products (i.e., as the condensed phase 
reacts), which may be flammable gas-phase species, which can then ignite. In enclosure fires, where 
heating of the condensed phase is augmented by radiative/convective heat transfer from adjacent regions, 
the heating leads to the production of excess pyrolyzate in regions of oxidizer deficiency (i.e., incomplete 
combustion produces prolific amounts of flammable, gas-phase species). In larger enclosures, if 
ventilation air is abruptly supplied, the pyrolyzate can rapidly ignite and propagate gas-phase combustion 
via a combination of premixed and mixing-limited flames, referred to as a “flashover” event within the 
enclosure (Stec and Hull, 2010; Pitts, 1995). Researchers have developed several experimental 
configurations to characterize the evolution of pyrolyzate species relevant to enclosure fires, from early 
flaming to flashover.  

Full-scale fire simulations reporting comprehensive EFs are limited for urban fires. RISE 
(Research Institute of Sweden) has carried out a very limited number of large-scale urban fire simulations 
to develop emissions data for use in inventories of the fire life cycle (Amon et al., 2019). These studies 
provide some EFs for a mixture of materials. Table 3-8 provides the EFs of some of the most commonly 
emitted fire emissions, as measured in these studies.  

The EFs in Table 3-8 vary widely, most by more than one order of magnitude. Some EFs vary 
from two to four orders of magnitude, with the most extreme variation observed in the polychlorinated 
dibenzo-p-dioxin (PCDD) and polychlorinated dibenzofuran (PCDF) EFs. This is because the full-scale 
experiments described here had a variety of materials and combustion conditions, with some tests where 
the ventilation was not controlled, and others in simulated rooms with ventilated, under-ventilated, and 
flashover conditions. Additionally, there may be even larger variability in the composition of structures, 
structure density, and combustion conditions both external and internal to the structures. Collectively, the 
variability in WUI fire emissions may be very large, and effective methods to parameterize emissions 
given these uncertainties are needed. Nonetheless these data show important distinctions in urban fire 
emissions from wildland fire emissions that should be evaluated for WUI fires. 

Ventilation conditions and the chemical composition of the fuel likely play an important role in 
the formation of some pollutants like HCl, HF, SOx, and metals, as these species are emitted only if their 
precursors are present in the original material consumed in the fire. Additionally, persistent organic 
pollutants such as PCDD/PCDF are emitted in much greater amounts when Cl is present in the materials 
and the combustion conditions are favorable for dioxin formation (Gullett et al., 2000; Stec et al., 2013). 
As shown in fire toxicity testing, the combustion conditions greatly impact the emissions for many 
different pollutants, and this variation is not consistent across single-component materials. 

Full-scale tests with multiple types of materials and their mixtures can provide emissions data and 
improve upon the methodologies. However, data are limited and smaller-scale apparatuses can be better at 
controlling the fire conditions, probing the impact of materials on emissions under controlled combustion 
conditions. The steady-state tube-furnace test (ISO, 2016) produces EFs per unit mass consumption of 
material that are relevant to the behavior of enclosure fires and immediate human exposure, as a function 
of the equivalence ratio. Figure 3-4 is a schematic of the ISO/TS 19700 experimental configuration (Stec 
and Hull, 2010).  
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TABLE 3-8 EFs from Large-Scale Urban Fire Simulations 

Material  CO (g/kg) 
NOx/NO 
(g/kg) HCN (g/kg) HCl (g/kg) PM (g/kg) C6H6 (g/kg) CH2O (g/kg) Pb (mg/kg) 

Total PCDD 
(µg/kg) 

Total PCDF 
(µg/kg) Reference 

Tires (heap or pile) 48.8–58.9   0.41–0.42 16–149    0.009–0.01 0.013–0.07 Lönnermark and 
Blomqvist, 2005 

Scrap tire material     114 2.2  0.47   Lemieux and Ryan, 
1993 

Vehicle (medium-
class 1998 car) 

63  1.6 13 64 3.0 1.1 820 2.1 56 Lönnermark and 
Blomqvist, 2006 

Electrical wiring 2.3–22.5    48–53  0.06–1.47 0.1–0.6  0.02–2.28 0.19–60.94  Andersson et al., 
2004; Andersson et 
al., 2005; Simonson 
et al., 2001 

Simulated room 
contents  

32–48  1.3–2.2 0.5–1.3  0.17–1.09   0.04–0.20 0.36–1.37 Blomqvist et al., 
2004 

Sofa with flame 
retardant in room 

24–41 0.9–4.5 0.9–1.4   0.10–1.34 0.5 2.6–25 0.003–1.02 0.2–13.3 Andersson et al., 
2003 

Simulated room 
with sofa 

14–51  3.5–15 6–18 45–282      Gann et al., 2010 

Chemicals in 
storage room 

8–293 0.1–36.3 0.8–44.7 77.8–141 7–76 0.04–7.1     Lönnermark et al., 
1996 
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FIGURE 3-4 The steady-state tube-furnace apparatus, ISO/TS 19700. 
 

As an engineering tool for quantitative assessment of toxic product yields (or EFs), any furnace 
temperature or ventilation condition can be selected. However, certain conditions relate to ISO fire stages 
(ISO, 2011), using specified furnace temperatures and primary air flows that approximate those of 
enclosure fires. A typical analysis may use experiments conducted at three furnace temperatures (650°C, 
923 K; 750°C, 1,023 K; and 850°C, 1,123 K) and stoichiometric, fuel-lean, and fuel-rich equivalence 
ratios; if necessary, furnace temperatures are increased or decreased to obtain the specified condition. 

Most bench-scale fire test methods were developed to assess flammability and burning behavior, 
and therefore use a well-ventilated fire scenario. However, EFs frequently increase by factors of 10 to 50 
in the transition from well-ventilated to under-ventilated flaming. Test apparatuses that are unable to force 
combustion to occur in oxygen-depleted atmospheres are unsuited to the generation of EFs for enclosure 
fires. Currently, most existing bench-scale test methods do not represent a particular fire stage; some 
represent several fire stages separately, while others represent the progress of a fire through an 
indeterminate number of stages. Furthermore, most test methods produce data that are a function of both 
the flammability of the specimen and the yield of toxic products. Other methods provide toxic product 
yield data that is independent of the flammability. Table 3-9 summarizes the attributes of various bench-
scale apparatuses. A recent study by RISE evaluated the suitability of four of these five test methods for 
quantifying the smoke toxicity of polymethylmethacrylate and 11 building insulation products under non-
flaming, well-ventilated, and under-ventilated conditions (Blomqvist and Sandinge, 2018; Blomqvist and 
Sandinge, 2021). The study concluded that significant differences in results when testing the same 
products could be attributed to the differences in the test methods. 
 Despite this variability, these test methods allow the collection of data that examine the 
dependence of EFs for commonly used materials, and mixtures of commonly used materials, on 
combustion conditions. These data can serve as a starting point for more extensive examination of WUI 
fire emissions under realistic combustion conditions.  
 
Fire Retardants 
 

ISO defines a fire retardant as a substance added, or a treatment applied, to a material in order to 
delay ignition or to reduce the rate of combustion (ISO, 2017). Fire retardants, which act in the gas phase 
and interfere with flame reactions, are frequently applied to insulation foams, electrical equipment, and 
upholstered furniture. The presence or absence of specific flame retardants can dramatically change the 
emissions associated with a particular material or structure.  

A fire retardant should inhibit or even completely suppress the combustion process. Depending 
on their nature, fire retardants can act chemically and/or physically in the solid, liquid, or gas phase. They 
interfere with combustion during a particular stage of the combustion process, for example, during 
heating, decomposition, ignition, or flame spread (Purser, 2009). Several ways exist in which the 
combustion process can be retarded. It can be done by physical actions (cooling, formation of a protective 
layer, dilution) or chemical actions, in the condensed or gas phase, as shown in Figure 3-5. 
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TABLE 3-9 Attributes of Five Bench-Scale Testing Apparatuses      

Name 
The Smoke Density 
Chamber (ISO 5659) 

Controlled Atmosphere 
Cone Calorimeter 

The Non-dynamic Tube 
Furnace 

Steady State Tube Furnace 
(BS7990 & ISO/TS 19700) 

Fire Propagation Apparatus 
(ISO 12136 & ASTM E-
2058) 

Heat regimes 25, 50 kW/m2 25, 35, 50 kW/m2 400, 600, 800°C 350, 650, 825°C (15 to 80 
kW/m2) 

Up to 100 kW/m2 

Design Closed box Flow-through Flow-through Flow-through Flow-through 

Mass loss rate Variable, sample dependent Variable, sample dependent Variable, sample dependent Fixed  Variable, sample dependent 

Sample 
requirement 

75 × 75 mm2 results only 
valid for thickness tested 

100 × 100 mm2 results only 
valid for thickness tested 

0.1 to 1.0 g 800 × 25 × 25 mm3 
(maximum size) 

100 × 100 mm2 results only 
valid for thickness tested 

Smoldering Y Y Y Y Y 

Well-ventilated Y Y Y Y Y 

Under-ventilated N N ? Y Y 

Post-flashover N N ? Y Y 

Advantages Widely available; currently 
used for toxicity assessment 
in mass transport industries  

Modification to widely used 
standard test; measures 
flammability as well as 
toxicity  

Simple and low cost Designed for smoke toxicity 
assessment; ideal for linear or 
homogeneous products; 
correlates with large-scale 
tests for all conditions 

Able to replicate high CO 
yields for under-ventilated 
flaming  

Disadvantages Poor interlaboratory 
reproducibility; unable to 
force under-ventilated 
flaming; fire stage unknown; 
sample probe can miss toxic 
plume 

No standard equipment exists; 
unable to go above 50 kW/m2; 
toxic product yields do not 
correlate to large-scale fire 
tests; equivalence ratio only 
known after test 

Conditions not related to fire 
stages; does not distinguish 
between flaming and non-
flaming; limited volume of 
effluent for analysis 

Interlaboratory reproducibility 
not proven for layered 
materials;  
separate assessment of 
flammability required 

Expensive; not widely used; 
capabilities insufficiently 
demonstrated 

SOURCE: Stec and Hull, 2010. ASTM = American Society for Testing and Materials. 
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FIGURE 3-5 Classification of fire-retardant strategies, including physical and chemical strategies. 
SOURCE: Hull et al., 2014. 
 
 

Modern fire retardants prevent fuel molecules from escaping to the gas phase, often by formation 
of a protective barrier layer, and by inhibiting the flow of fuel and oxygen. This makes the fuel molecules 
less likely to encounter conditions that could ignite them. While the formulations required for char 
promotion and intumescence are generally specific to a particular polymer, halogenated flame retardants 
tend to be nonspecific in their action, and one flame retardant can be incorporated into many polymers. 
Unfortunately, this ease of use is matched by an ease of release, particularly when operating at elevated 
temperatures (Hull et al., 2014). Many halogenated flame retardants are persistent, bioaccumulative, and 
ubiquitous throughout the built and natural environment (Hull et al., 2014).  

Halogenated flame retardants, which act in the gas phase, interfere with the free-radical reactions 
responsible for flaming combustion, as discussed in the earlier section on combustion (and summarized in 
Babushok et al., 2014). In terms of fire emissions, the presence of hydrogen bromide (HBr) or hydrogen 
chloride (HCl), produced by flame retardant combustion, typically produces more carbon monoxide, 
smoke, and other products of incomplete combustion (e.g., acrolein and formaldehyde), as well as larger 
cyclic molecules such as PAHs and soot particulates (Molyneux et al., 2014; Schnipper et al., 1995).  

Many other types of fire retardants present in condensed media reduce fuel release to the gas 
phase, frequently by increasing the formation of the surface char layer, decreasing both net radiative heat 
transfer to the surface and conductive heat transfer into the media. The char may inhibit diffusion of 
oxygen to the surface and fuel release from it, depending on its porosity. Such barriers have also been 
deployed in intumescent systems, where gas is released within the molten polymer, causing significant 
swelling and so increasing the effectiveness of the thermal and physical barrier. Mineral filler flame 
retardants such as aluminum hydroxide or magnesium hydroxide, char formers based on inorganic 
phosphates and borates, and intumescents all fall into this category. By keeping the fuel in the condensed 
phase, they reduce gaseous emissions and simultaneously lower the flammability. 
 

Finding: Limited data exist on emission factors and the sources of uncertainty for WUI fires; no 
studies of single- or multiple-dwelling, full-scale structures, with realistic contents and realistic 
WUI fire conditions (e.g., strong winds), have reported emission factors or yields. 
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Finding: WUI fire emission factors are expected to be different from emission factors for 
wildland fires and urban fires and to vary widely, depending on structure density and 
composition, combustion conditions, and other factors. 
 
Finding: Current experimental methods do not capture the dynamic nature of WUI fires; large 
information gaps lead to large uncertainties in predicting plume composition and structure. 
Nevertheless, bench-scale reference methods that produce results such as toxic product yields or 
emission factors are effective tools for applied engineering analyses, material selection, and 
toxicological evaluations. These methods also allow investigators to control many of the 
parameters affecting the combustion efficiency and emission factors, often allowing a wider 
exploration of parameters than possible with enclosure fire tests. These bench-scale analyses 
could be complemented by field measurements of WUI fire plume composition and structure.  
 
Finding: Halogenated species found in human-made materials and in gas-phase flame retardants 
change the yields and the types of a wide variety of products of incomplete combustion. 
 
Research need: The interactions between human-made fuels with different elemental 
compositions (e.g., containing halogens, phosphorous, sulfur, nitrogen, metal salts, and 
organometallics) and biomass (particularly timber) and other wildland fire fuels as they generate 
fire plumes need to be modeled mechanistically and explored experimentally at bench, laboratory, 
and larger scales. 
 
Research need: Experimental and modeling investigations of WUI fire plume compositions 
should be used to develop emission factors and chemical fingerprints for WUI fire emissions. 
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4 
Atmospheric Transport and Chemical Transformations 

 
Wildland-urban interface (WUI) fires can have substantial negative impacts on human health, 

visibility, and quality of life, not only in the vicinity of the fire, but also hundreds of kilometers 
downwind. For example, even 240 km downwind of the Camp Fire, in the Bay Area of northern 
California, daily fine particulate matter (PM2.5) concentrations remained elevated (70–200 μg/m3) for over 
two weeks, well above the National Ambient Air Quality Standard of 35 g/m3 (Rooney et al., 2020). The 
population experiencing this exposure was in excess of seven million people. Thus, this WUI fire resulted 
in substantial adverse particulate matter exposures to large populations beyond the immediate zone of the 
fire. Smoke from major fires sometimes affects air quality and visibility on a continental scale, and 
seasonally averaged summertime contributions from wildland fire smoke PM2.5 can be comparable to 
contributions from non-smoke PM2.5 in some US regions (e.g., in the Pacific Northwest; O’Dell et al., 
2019). 
 

Finding: A large number of people are exposed to WUI fire emissions over broad geographic 
areas.  

 
While national monitoring networks provide data for assessing exposures of routinely monitored 

air pollutants, such as fine particulate matter, the gas- and particle-phase smoke composition specifically 
associated with WUI fires is not well understood. WUI smoke composition differs from wildland fire 
smoke because of direct emissions from the combustion and volatilization of human-made materials and 
the chemical interaction of these emissions with wildland fire emissions (see Chapter 3). Atmospheric 
chemistry and physical changes (e.g., dilution; phase changes; changes in partitioning of compounds 
between the gas phase, particles, and cloud droplets; deposition), which are dynamic on timescales of 
minutes to days, lead to dramatic changes in pollutant composition downwind of fires. However, the 
impact of WUI emissions and chemistry on regional exposures is not well understood. This chapter 
explores this impact, emphasizing atmospheric chemistry that informs inhalation exposures and the 
resulting health effects associated with emissions from WUI fires. 

It is important to recognize that, in addition to chemical processes, the physical processes of wet 
and dry atmospheric deposition can also be a source of contaminated water and soil and thus impact 
exposures through ingestion. Organic nitrogen (Yu et al., 2020), isocyanic acid (Roberts and Liu, 2019; 
Roberts et al., 2011) and per- and polyfluoroalkyl substances (PFASs; Pike et al., 2021; Shimizu et al., 
2021) are examples of water-soluble compounds found in emissions from burning biomass or in 
emissions from burning human-made materials. Wet deposition of water-soluble compounds can 
contribute to water and/or soil contamination and exposure through WUI fire–associated wet deposition. 
The topic of water and soil contamination is examined in Chapter 5. 

Finally, while this chapter will not cover visibility, it is worth noting that the impacts of WUI 
fires on visibility can be substantial and can impact transportation safety, property values, mental health, 
and quality of life. 

In describing chemical processes that affect the concentrations and composition of air pollutants 
from WUI fires, the committee defines four zones beyond the fire: the near-field, local, regional, and 
continental scales. Box 4-1 defines these spatial scales and other key terminology used in the chapter. 
 

PRIMARY SPECIES WITH TOXIC POTENTIAL DOWNWIND OF WUI FIRES 
 

Table 4-1 lists some of the toxicants expected to be directly emitted from WUI fires (i.e., the 
primary pollutants) and processes that impact their transport, their partitioning between the gas and 
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particle phases in the atmosphere, their transformation, and their degradation. This list draws from 
laboratory and field measurements focusing on wildland fires, structure fires, and WUI fires, and 
information about materials (see also Chapter 3). An estimate of species’ atmospheric lifetimes is 
provided. This estimate is based on the primary degradation pathways being photolysis, reaction with 
hydroxyl radical, and reaction with ozone in the gas phase. Light intensities, hydroxyl and other radical 
concentrations, and ozone concentrations that the toxicants are exposed to will vary considerably, so these 
lifetime estimates are approximate and relative indicators of the persistence of the individual chemical 
species. The possibility that other loss processes dominate in WUI fire plumes (e.g., oxidation by chlorine 
radical, multiphase chemistry, cloud chemistry) is discussed in the next section, “Atmospheric 
Transformations.” 
 
 

BOX 4-1 Key Terminology 
 

Spatial Scales 
 
Near-field scale: From 1 to 10 km downwind of the fire, where the plume remains quite concentrated, dilution 
has a major effect on the gas-particle partitioning, and chemistry is driven by fast processes that occur on a 
timescale of minutes 
 
Local scale: From 10 to 100 km, where chemistry is driven by processes that occur on a timescale of minutes to 
hours 
 
Regional scale: From 100 to 1,000 km, where chemistry is driven by processes that occur on a timescale of hours 
to days 
 
Continental scale: Greater than 1,000 km, where chemistry is driven by processes that occur over days 
 

Terms and Definitions 
 
Atmospheric lifetime: Average time a molecule of species i remains in the atmosphere 
 
Dry atmospheric deposition: The removal of particles and gases from the atmosphere to surfaces in the absence 
of precipitation (i.e., through gravitational settling, impaction, interception, and diffusion) 
 
Fine particulate matter (PM2.5): Airborne particles with diameters of 2.5 micrometers or less, small enough to 
enter the lungs and bloodstream, posing risks to human health  
 
Fire plume: Air mass downwind of combustion zone, containing elevated concentrations of combustion products 
 
Intermediate-volatility organic compounds (IVOCs): Compounds with vapor pressures between those of 
VOCs and semi-VOCs; a suite of compounds that, based on their vapor pressure, tend to evaporate from the 
particle phase with near-field dilution of plumes 
 
Partitioning: The distribution of a species i between two media, such as air and particles, or air and water 
 
Pollutant: A chemical or biological substance that harms water, air, or land quality 
 
Prescribed burn: Fire set intentionally for forest or farmland management 
 
Primary organic aerosol: Organic particulate matter that is emitted from the source (e.g., WUI fire) in 
particulate form  
 

Primary species with toxic potential: Toxic substance that is emitted directly from the source (e.g., WUI fire) 
 

continued 
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BOX 4-1 continued 
 
Secondary organic aerosol: Organic particulate matter that is formed in the atmosphere from precursor gases  
 
Secondary species with toxic potential: Toxic substances that are formed through atmospheric chemistry 
 
Volatile organic compounds (VOCs): Organic compounds with vapor pressures high enough to exist in the 
atmosphere primarily in the gas phase, typically excluding methane; VOCs can easily become airborne for 
inhalation exposure 
 
Wet atmospheric deposition: The removal of particles and gases to the earth’s surface via scavenging by 
precipitation 

 
 

ATMOSPHERIC TRANSFORMATIONS 
 

The Downwind Fate of WUI Fire Emissions 
 

A wide range of plume studies including studies of wildland fire plumes provide confidence that 
WUI smoke concentrations decrease with distance downwind through dilution and surface deposition and 
undergo chemical and phase changes in the atmosphere (Figure 4-1); however, the influence of various 
chemical processes on the downwind composition of WUI fire plumes is poorly understood. Exposures 
(i.e., who is exposed, to what, and at what concentrations) depend most on whether the emissions are 
lofted above the mixed layer and transported long distances before being downmixed to ground level or 
are trapped near the surface in the near field. Plume rise (i.e., plume injection height) depends on the 
overall heat released by the fire, as discussed in Chapter 3, and is a major factor determining transport 
altitude. Meteorology, including transport altitude—the location of the plume within or above the layer of 
the atmosphere that is well mixed (mixed layer)—also affects toxicant concentrations, gas-particle 
partitioning, photochemistry, cloud processing, and multiphase chemistry (e.g., through its influence on 
dilution, temperature and saturation vapor pressure, solar radiation, aerosol liquid water content, and 
phase separation) as described for wildland fires by Jaffe et al. (2020). Photochemical oxidation in a 
wildland fire plume can produce elevated ground-level ozone (Dreessen et al., 2016; Lu et al., 2016) and 
oxidized aerosol on a regional scale (Garofalo et al., 2019; Junghenn Noyes et al., 2020). This is also 
expected in WUI fire plumes. 
 

Finding: Atmospheric chemistry transforms emissions with distance from the fire, so that 
downwind communities are exposed to more oxidized mixtures than near-field communities.  

 
A variety of chemical and physical processes that take place on timescales of minutes to days 

reduce the concentrations of primary species with toxic potential and can also form secondary species 
with toxic potential. A distinguishing feature of wildland fires, as an emission source, is the prevalence of 
incomplete combustion and thermal degradation of oxygenated fuel components, such as cellulose, when 
compared to most primary emission sources such as automotive exhaust. This results in an abundance of 
primary oxygenated, water-soluble compounds in wildland fire emissions (e.g., HONO, HNO3, HCl, 
formaldehyde, glycolaldehyde, acetic acid, phenols, furfurals, isocyanic acid, and amines; Friedli et al., 
2001; Roberts et al., 2011; Hatch et al., 2015; Selimovic et al., 2018; Koss et al., 2018; Tomaz et al., 
2018; Juncosa Calahorrano et al., 2021). Comprehensive VOC measurements from controlled burns of 18 
US wildland fire fuels suggest VOC emissions from wildland fires are roughly 60 percent oxygenated 
(Gilman et al., 2015). The atmospheric fate of water-soluble compounds is determined by the competition 
between the rates of gas-phase photochemical reactions, reactive uptake in clouds and wet aerosols, and 
wet deposition; understanding the fate of water-soluble compounds in wildland fire plumes is an active 
area of research. 
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TABLE 4-1 Selected Major Primary Species with Toxic Potential Emitted from WUI Fires 

  Transport and partitioning Transformation and degradation 
Atmospheric lifetime with respect 
to OH and O3 

Carbon 
monoxide 
(CO) 

Partitions to the atmosphere and is distributed globally via 
wind. 
CO in the troposphere is slowly transported to the mesosphere 
and stratosphere.  

Stable under environmental conditions. Reactions with 
molecular oxygen or water vapor are very slow at ambient 
temperatures and pressure. 
Primary degradation pathway of tropospheric CO is via its 
reaction with photochemically produced hydroxyl 
radicals, resulting in formation of CO2.a  In the 
stratosphere, it reacts with atomic oxygen generated by the 
photodissociation of O2 to form CO2.a  

CO remains in the atmosphere for an 
average of about 2 months. b 

Formaldehyde 
(HCHO) 

Released to the atmosphere in large amounts and is also 
formed in the atmosphere by the oxidation of hydrocarbons. 
Efficiently transferred into clouds, rain, and surface water. 
Dry deposition and wet removal half-lives are estimated to be 
19 and 50 hours, respectively. a 
 

Breaks down in the gas phase to formic acid and CO. 
Reacts via direct photolysis and hydroxyl radical 
oxidation. Oxidation can also occur in cloud droplets—
producing formic acid (a component of acid rain). a 

The HCHO half-life due to reaction 
with the hydroxyl radical is 
approximately 16 hours in clean air 
and much less in polluted air and 
wildland fire plumes with elevated 
reactive oxidant concentrations.b  

Benzene  
(C6H6) 

Gas-phase aromatic compound released into the atmosphere in 
large amounts from wildfires and from fossil fuels. c  

Reacts with ozone and hydroxyl radicals. a  Benzene’s half-life due to reaction 
with the hydroxyl radical is 
approximately 9 days. b 

Toluene 
(C7H8) 

Gas-phase aromatic compound released into the atmosphere in 
large amounts from wildfires and from fossil fuels. c  

Reacts with ozone and hydroxyl radicals. a Toluene’s half-life due to reaction 
with the hydroxyl radical is 
approximately 2 days.b 

Acrolein 
(C3H4O) 

Limited atmospheric transport. 
No partitioning from vapor phase to atmospheric particles. 
Removed from atmosphere by wet deposition. a 

Reacts with hydroxyl radicals. Products include CO, 
HCHO, glyoxal, and glycolaldehyde. In the presence of 
nitrogen oxides, products include peroxynitrate, NO, 
glycolaldehyde, malonaldehyde, and 3-
hydroxypropanaldehyde. 
Direct photolysis is minor under ambient conditions. a 

Acrolein’s half-life due to reaction 
with the hydroxyl radical is 
approximately 5 hours in clean air 
and about half that time in polluted 
air. b 

Hydrogen 
cyanide 
(HCN) 

Slow degradation in air; thus, it can be transported over long 
distances. 
Largely remains in lower altitudes (troposphere); only 2% of 
tropospheric hydrogen cyanide is transferred to the 
stratosphere. 
Water-soluble cyanide particles are expected to be removed 
by both wet and dry deposition. a 

Resistant to photolysis. 
Reacts with hydroxyl radicals to form CO and NO. This 
photooxidation occurs at least an order of magnitude faster 
at lower altitudes (0–8 km) than at upper tropospheric 
altitudes (10–12 km). a 

The residence time of HCN in the 
atmosphere has been estimated to be 
approximately 1.3–5.0 years, 
depending on the hydroxyl radical 
concentration. 
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TABLE 4-1 continued 

  Transport and partitioning Transformation and degradation 
Atmospheric lifetime with respect 
to OH and O3 

Ammonia 
(NH3) 

The pH and temperature influence transport and partitioning. 
Dry deposition of NH3 dominates when there are large NH3 
emissions. Where NH3 emissions are lower, wet deposition of 
neutralized ammonium aerosols dominates. a  

Neutralizes acidic air pollutants (e.g., H2SO4, HNO3, or 
HCl) to form ammonium salts in aerosols.  
 

The half-life for ammonia in the 
atmosphere is estimated to be a few 
days; however, it will dynamically 
partition very quickly between the 
gas phase (as ammonia) and the 
particle phase (as ammonium), 
depending on the acidity of the 
particles in the atmosphere. 

Nitrogen 
oxides (NOx) 

Dominant source of NOx in the air is combustion; 90–95% of 
NOx molecules are emitted as NO and 5–10% as NO2; 

however, NO is rapidly oxidized to NO2. 
Wet precipitation and dry deposition remove NOx from the 
atmosphere (US Environmental Protection Agency, 2021). 

NOx contributes to the formation of photochemical smog 
and acid rain (US Environmental Protection Agency, 
2021). Oxidation products of NOx in the troposphere 
include HNO3, HO2NO2, HNO2, peroxyacylnitrates, N2O5, 
nitrate radical (NO3), and organic nitrates. 
Dominant form of NOx (NO, NO2, HNO3, etc.) in the 
lower atmosphere varies, depending on sunlight intensity, 
temperature, pollutant emissions, pollutant emission lag 
time, and meteorological factors. 

This group of compounds is 
characterized by relatively short 
atmospheric lifetimes of hours to 
days; NO and NO2 react very quickly 
with ozone, reaching a dynamic 
equilibrium. 

Sulfur dioxide 
(SO2) 

Oxidized rapidly in atmospheric waters and removed from the 
atmosphere by precipitation or dry deposition, mainly as 
sulfuric acid (acid rain). 

Oxidized by OH radicals in the gas phase and in 
clouds/fogs by peroxides, NO2, and transition metals, or 
catalytically on surfaces. a 
Reaction forms SO3 and subsequently sulfate. a 

Depending on the hydroxyl radical 
concentration, sulfur dioxide may 
rapidly be converted to sulfuric acid, 
and partitions into the particle phase. 
This process has a half-life of hours 
to days at typical hydroxyl radical 
concentrations. When conditions are 
favorable, aqueous oxidation can be 
considerably faster. 

Hydrogen 
sulfide (H2S) 

Partitions to surface water, groundwater, or moist soil via 
sorption. a 

Oxidized by oxygen to give sulfur dioxide (SO2) and 
ultimately sulfate compounds. 
Not expected to undergo significant photolysis. a 

H2S has lifetimes in air ranging from 
approximately 1 day in the summer to 
42 days in the winter. 

Hydrogen 
chloride (HCl) 

Acts as a reservoir species, temporarily removing chlorine 
radicals from a catalytic ozone destruction cycle. 
Can be found in the gas phase, clouds, and aerosols, 
dependent on temperature, humidity, and ammonia level. 
Lower ambient temperature and higher relative humidity favor 
aerosol formation. a 

Can react with hydroxyl radicals to form chloride radicals 
and water. 
Chloride radicals can deplete O3 and react rapidly with 
VOCs. Oxidation of VOCs by chloride radicals can lead to 
secondary aerosol production. a  

The half-life for HCl in the 
atmosphere is estimated to be a few 
days; however, it will dynamically 
partition very quickly between the 
gas phase and the particle phase, 
depending on the concentration of 
ammonia and available cations such 
as sodium. 
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Hydrogen 
bromide 
(HBr) 

Limited data on HBr in the atmosphere. 
Likely to be removed by both wet and dry deposition. 
Both acidic bromine and particulate bromine are observed in 
the troposphere. a 

Does not undergo photolysis in the troposphere. 
Can react with hydroxyl radicals to form bromide radicals 
and water. 
Like chlorine radicals, bromide radicals (Br∙) can deplete 
O3 and react rapidly with VOCs. 
Experimental data show HBr may be indirectly formed in 
the upper atmosphere from organic bromine compounds 
(such as CH3Br) via the reaction of BrO with hydroxyl, 
OH, which then contributes to the depletion of ozone. a 

The half-life for HBr in the 
atmosphere is estimated to be a few 
hours; however, it will dynamically 
partition very quickly between the 
gas phase and the particle phase, 
depending on the concentration of 
ammonia and available cations such 
as sodium. 

Hydrogen 
fluoride (HF) 

Absorbed by atmospheric water (rain, clouds, fog, snow, 
aerosol liquid water), forming aqueous hydrofluoric acid. 
Removed by dry and wet deposition (i.e., acid precipitation). 
Can be neutralized (e.g., by sodium or other cation) and taken 
up by particulate matter or dust. a 

HF is much too reactive to reach the upper atmosphere, 
and tropospheric sources therefore do not interfere with 
the ozone layer. 
Polymerization or depolymerization reaction of HF does 
not destroy nor remove HF or its oligomers (dimer (HF)2, 
hexamer (HF)6, and octamer (HF)8) from the air. a 

The atmospheric lifetime of HF is 
less than 4 days. Deposition is the 
dominant mechanism driving removal 
from the atmosphere (Cheng, 2018). 

Per- and 
polyfluoroalk
yl substances 
(PFASs, e.g., 
perfluoroocta
ne sulfonate, 
perfluoroocta
noic acid) 

 Found in both the gas and particle phases. 
Removed via wet and dry deposition. a 

PFASs include thousands of compounds across several 
compound classes. Perfluorinated carboxylic acids and 
sulfonates are resistant to photolysis and atmospheric 
photooxidation, but fluorotelomer and fluorosulfamido 
alcohols can be oxidized by OH radicals to form 
carboxylic acids and sulfonates (Ellis et al., 2004; Young 
et al., 2007) 

The lifetimes are days to weeks (Ellis 
et al., 2003). 
  

Polycyclic 
aromatic 
hydrocarbons 
(PAHs) 

Subject to short- and long-range transport and are removed by 
wet and dry deposition onto soil, water, and vegetation. 
Partitioning of PAHs between the gas and the condensed 
phases depends on their volatility, the temperature, and the 
concentration of particles in the atmosphere. 
PAHs having two to three rings are present in air 
predominantly in the vapor phase; those with four rings exist 
both in the vapor and particulate phase; and those having five 
or more rings are found predominantly in the particle phase. 
Atmospheric residence time and transport distance depend on 
the size of the particles to which the PAHs are sorbed and on 
climatic conditions (which will determine rates of wet and dry 
deposition). Particles with a diameter range of 0.1–3.0 µm, 
with which airborne PAHs are principally associated, remain 
airborne for 5–10 days and can be transported long distances. 
 

Two types of chemical reactions transform PAHs: 
(1) reactions between PAHs adsorbed on particle surfaces 
and oxidant gases like NO2, O3, and SO3, and 
(2) gas phase photooxidation producing oxidized 
derivatives such as quinones, ketones, or acids. 
Photochemical reactions involve NOx, N2O5, OH, O3, SO2, 
and peroxyacetyl nitrate. 
Reactions of PAHs, including fluoranthene and pyrene, 
with the OH radical (in the presence of NOx) and with 
N2O5 lead to the formation of nitroarenes in the ambient 
air, which are more mutagenic than their parent PAHs. 
Reaction with ozone or peroxyacetylnitrate yields diones; 
nitrogen oxide reactions yield nitro- and dinitro-PAHs. 
Compounds adsorbed to particles are more resistant to 
photochemical reactions than gas-phase PAHs. a 

Variations in chemical composition of different types of 
particles such as diesel exhaust and wood smoke might 
strongly affect the reactivity of PAHs. a 

The atmospheric lifetimes of 
naphthalene and phenanthrene, due to 
reaction with the hydroxyl radical in 
relatively clean air, are about 6 hours 
and 10 hours, respectively; PAHs 
may be more resistant to oxidation if 
sorbed onto particles. b 
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TABLE 4-1 continued 

  Transport and partitioning Transformation and degradation 
Atmospheric lifetime with respect 
to OH and O3 

Polychlorinate
d biphenyls 
(PCBs) 

Enter the atmosphere when volatilized from soil and water. 
In the atmosphere, PCBs are present both in the vapor phase 
and sorbed to aerosol particles. 
Transport and partitioning behavior of PCBs depends on the 
number of chlorines on the biphenyl molecule, because of the 
influence on compound vapor pressure. 
Biphenyls with 0–1 chlorine atoms remain in the atmosphere, 
while those with 1–4 chlorines gradually migrate toward polar 
latitudes in a series of volatilization/deposition cycles, those 
with 4–8 chlorines remain in the mid-latitudes, and those with 
8–9 chlorines remain close to the source of contamination.  
PCBs in the vapor phase are more mobile and transported 
farther than particle-bound PCBs. 
Heavier and coplanar PCBs tend to be particle-bound and/or 
more readily degraded in the atmosphere. 
PCBs are removed by wet deposition; by dry deposition of 
aerosols; and by vapor adsorption or partitioning to water, 
soil, and plant interfaces. a 

The ability of PCBs to be degraded or transformed in the 
environment depends on the degree of chlorination of the 
biphenyl molecule as well as on the isomeric substitution 
pattern. 
The vapor-phase reaction of PCBs with hydroxyl radicals 
is the dominant transformation process in the atmosphere. 
Possible reaction schemes involve the formation of a 2-
hydroxybiphenyl intermediate, which quickly degrades to 
chlorinated benzoic acid. 
Insufficient data are available on the importance of 
photolysis and/or chemical reactions of particle-phase 
congeners. a 

The calculated tropospheric lifetime 
for the reaction of PCBs increases as 
the number of chlorine substitutions 
increases. 
The tropospheric half-lives are 2 days 
for monochlorobiphenyls, 4 days for 
dichlorobiphenyls, 10 days for 
trichlorobiphenyls, and 15 days for 
tetrachlorobiphenyls; PCBs may be 
more resistant to oxidation if sorbed 
onto particles. b 

Polychlorinate
d dibenzo-p-
dioxins 
(PCDDs) 

Combustion-generated PCDDs associated with particulate 
matter can be distributed over large areas. 
During transport, PCDDs partition between the vapor phase 
and particle-bound phase. However, partitioning is largely to 
the particulate phase. 
Removed from the atmosphere via wet deposition, particle dry 
deposition, and gas-phase dry deposition. 
The less chlorinated PCDD congeners (tetra-CDD and penta-
CDD) occur in greater proportion in the vapor and dissolved 
phases of air and rain, whereas the more chlorinated 
congeners (hepta-CDD and octa-CDD) are associated with 
particles. a 

PCDDs’ dominant transformation processes are photolysis 
and gas-phase diffusion, and volatilization with 
subsequent photolysis. 
Transformation reactions depend on whether the PCDD is 
in the vapor or particulate phase. Vapor-phase PCDDs are 
not likely to undergo reactions with atmospheric ozone, 
nitrate, or hydroperoxy radicals; however, reactions with 
hydroxyl radicals may be significant, particularly for the 
less-chlorinated congeners (up to tetra-CDD). 
Based on the photolysis lifetimes of PCDDs in solution, it 
is expected that vapor-phase PCDDs will also undergo 
photolysis in the atmosphere, although reactions with 
hydroxyl radicals will predominate. 
In the air, the low vapor pressure of octa-CDD results in 
its partitioning primarily to the particulate phase rather 
than the vapor phase; therefore, atmospheric 
photodegradation is less likely to occur for this tightly 
bound congener. a 

The atmospheric lifetimes of PCDDs 
are estimated to range from 0.5 days 
for mono-CDD to 9.6 days for octa-
CDD, with tetra-CDD having a 
lifetime of 0.8–2 days. 
Particulate-bound PCDDs are 
removed by wet or dry deposition 
with an atmospheric lifetime of 
approximately 10 days and, to a 
lesser extent, by photolysis. 
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Polybrominat
ed diphenyl 
ethers 
(PDBEs) 

Exist in both gas and particle phases in the atmosphere. 
Particulate-phase PBDEs are removed from the atmosphere by 
wet and dry deposition. a 

Vapor-phase PBDEs may be degraded via oxidation with 
hydroxyl radicals or direct photolysis, with photolysis 
being the dominant method. 
Limited data are available on the rate and extent of 
photolysis of PBDEs in air. a 

The half-lives for this reaction in air 
are estimated to be 29, 140, and 476 
days, respectively, for penta-, octa-, 
and deca-BDE homologs, calculated 
using a structure estimation method. 

Phosphate 
ester flame 
retardants 

Can be present in the gas or particle phase. 
Subject to wet and dry deposition. a 

May be degraded through reaction with hydroxyl radicals. 
Semi-volatile phosphate esters have the potential to 
hydrolyze to diesters, monoesters, and phosphoric acid. a 

Atmospheric half-lives are on the 
order of 1–12 hours for the selected 
phosphate esters. 
Particle-bound phosphate esters are 
more resistant to OH oxidation with 
lifetimes of 4 to 14 days (Liu et al., 
2014). 

NOTES: Based on laboratory and field measurements from wildland fires, WUI fires, and structure fires, as well as information about materials. HCl, HBr, HF, 
PFASs, PCBs, PCDDs, PDBEs, and phosphate ester flame retardants are expected to be found in higher concentrations in WUI fires than in wildland fires. 
a US Agency for Toxic Substances and Disease Registry. 2021. https://www.atsdr.cdc.gov/ (accessed February 26, 2022).  
b US Environmental Protection Agency. 2021. EPI Suite™-Estimation Program Interface. https://www.epa.gov/tsca-screening-tools/epi-suitetm-estimation-
program-interface (accessed December 22, 2021).  
c Jaffe et al., 2020; Evtyugina et al., 2013. 
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FIGURE 4-1 The movement and changes of WUI emissions over space and time. The processes, shown 
in the top half above the structures, are discussed in this chapter. The elements showing exposure, in the 
bottom half below the structures, are discussed in Chapter 6. 
 
 

The impacts of fire emissions from human-made materials and firefighting activities on the 
chemistry and fate of WUI fire plumes is not well understood. Relative to wildland fire emissions, WUI 
emissions have increased levels of several types of compounds, including reactive halogenated 
compounds (HCl, HBr, HF), dioxins, phenols from the degradation of polymers, aldehydes, nitrogen-
containing organics such as isocyanates, brominated and fluorinated organics, and metals (see Chapter 3 
and Table 4-1). These species and radicals derived from their atmospheric chemistry could alter the rate 
of chemical transformations in WUI plumes, changing the lifetime of primary species with toxic potential 
and the formation of secondary species with toxic potential. The abundance, atmospheric dynamics, and 
fate of WUI-enriched species are of interest for several reasons, as discussed below. 
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Near-Field Changes in Partitioning with Dilution 
 

At the near-field scale, downwind of the immediate zone of the fire, dilution of emissions with 
clean air results in near-field smoke concentrations that are substantially lower than concentrations in the 
immediate zone. It also results in substantial evaporation from primary organic aerosols, shifting some 
compounds from the particle to the gas phase. This alters the fate of the mixture and the dose inhaled by 
exposed populations. For example, laboratory studies of a primary diesel combustion aerosol suggest that 
dilution to ambient conditions results in evaporation of roughly three quarters of the primary organic 
aerosol (Robinson et al., 2007, Figure 1A). 

Several intermediate-volatility organic compounds (IVOCs), which evaporate during dilution, can 
subsequently undergo gas-phase oxidation over minutes to hours (i.e., at the near-field and local scales), 
changing the composition and increasing the oxidation state of organics in both the gas and particle 
phases (Lambe et al., 2012; Robinson et al., 2007). Phenol and guaiacol, formed through the thermal 
degradation of lignin, are examples of IVOC wildland fire emissions (Alves et al., 2011; Yee et al., 2013; 
Hatch et al., 2018). 

WUI fire emissions also have increased levels of dioxins and synthetic polymer degradation 
products (see Chapter 3; Ruokojärvi et al., 2000; Reisch, 2018), some of which are IVOCs and could 
evaporate from emitted particles with near-field dilution. Some per- or polyfluoroalkyl substances 
(PFASs) are also IVOCs. While they are only a small portion of the total mass of human-made materials 
associated with structures, PFASs are ubiquitous in indoor environments because of their use in consumer 
products (Wang et al., 2017). They are also found in Class B firefighting foams stored in fire departments 
for use on chemical fires in some states. The shift of IVOCs from the particle to the gas phase with 
dilution can have a large influence on their chemistry and persistence in the atmosphere. For example, in 
the particle phase, polychlorinated dibenzo-p-dioxins (PCDDs) persist for 1–2 weeks in the atmosphere, 
whereas in the gas phase, some PCDDs have atmospheric lifetimes as short as 0.5 to 2.0 days against 
oxidation (Table 4-1). Note that accounting for phase changes with near-field dilution in atmospheric 
models requires that care is taken to document dilution and temperature conditions during emissions 
measurements. 

Recent progress has been made in quantifying IVOCs in particulate emissions from wildland fires 
and predicting their downwind chemistry in models (Hatch et al., 2017; Yee et al., 2013; Theodoritsi et 
al., 2021). However, the characterization of IVOC emissions from burning structures in WUI fires is 
limited, and predictive modeling has not yet explored the implications of the near-field phase changes and 
subsequent local- to regional-scale chemical processing of these species. Measurements provide limited 
evidence for the enhancement of structure-related tracer species above the ambient background in 
regional measurements; however, some of these species or their reaction products may persist over 
regional scales (Table 4-1). 
 

Formation of Secondary Species with Toxic Potential 
 

While concentrations of primary species with toxic potential decrease with distance downwind as 
a result of dilution with ambient air, wet and dry deposition, and oxidation (Table 4-1), oxidation can also 
produce secondary species with toxic potential (Table 4-2). Measurement of tracer compounds that are 
specific to WUI fire emissions (primary tracers) and WUI chemistry (secondary tracers) could be used to 
identify and understand the influence of WUI fires on downwind communities. While little is known 
about secondary species with toxic potential from WUI fires, elevated concentrations of the hydroxyl 
radical, reactive nitrogen, reactive chlorine, and transition metals are likely to exist in WUI plumes (see 
“Major Atmospheric Oxidants Driving Gas-Phase Chemistry” below) and will react with a variety of 
unsaturated organic compounds to form more oxygenated, chlorinated, and nitrated products that may 
have increased toxicity (Tuet et al., 2017; Wong et al., 2019). For example,  
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● Nitrophenols are likely to form in WUI fire plumes since phenols are components of 
wildland fire plumes and nitrophenols are known to form through daytime and nighttime 
gas-phase radical chemistry and through reactive nitrogen (e.g., N2O5, ClNO2) chemistry 
in aqueous or multiphase reactions in the atmosphere (Harrison et al., 2005).  

● Chlorinated and oxygenated aromatics are likely to form in WUI fire plumes, since 
aromatic compounds are substantial components of wildland fire plumes, chlorine 
radicals and hydroxyl radicals are expected to be present in WUI fire plumes, and 
chlorinated aromatics and oxygenated aromatics are known to form in the atmosphere 
(e.g., from gas-phase chlorine radical reaction with PAHs; Riva et al., 2015; Ohura et al., 
2005).  

● To the extent that PFASs are emitted from WUI fires, oxidation may yield 
perfluorocarboxylic acids. Photochemical hydroxyl radical oxidation of fluorotelomer 
alcohols (a type of PFAS found in homes; Sha et al., 2018; Hall et al., 2020), where 
present, yields perfluorocarboxylic acids such as perfluorooctanoic acid (Wallington et 
al., 2006). 

 
Stable unique products of these chemistries (e.g., products of chlorine radical chemistry; tracers 

of synthetic polymer degradation products) could be used as chemical tracers to identify the influence of 
secondary formation, understand how human-made materials alter the chemistry, and determine the 
dominant daytime and nighttime oxidants, and potentially to identify dominant formation pathways (e.g, 
gas phase chemistry vs aqueous or multiphase chemistry).  
 
 
TABLE 4-2 Examples of Secondary Species with Toxic Potential Observed or Proposed to Occur in 
WUI Fires 

Compound or compound class Precursor Formation pathway 

Ozone NOx and VOCs Gas-phase oxidation of VOCs in the presence of NOx and 
ultraviolet light 

Secondary PM2.5 SO2, H2S, NOx, NH3, 
VOCs, and IVOCs 

(1) Gas-phase oxidation followed by vapor pressure–
driven partitioning into the particle phase; (2) aqueous or 
multiphase reaction in aerosol, clouds, or fogs followed by 
water evaporation and retention of lower volatility 
products in the particle phase; (3) heterogeneous or 
catalytic surface reactions on aerosol particles 

Formaldehyde, other aldehydes Most VOCs Gas phase oxidation of VOCs (Luecken et al., 2018) 

Nitroaromatics Aromatics Gas-phase and aqueous or multiphase chemistry with 
reactive nitrogen species (e.g., nitrophenols; Harrison et 
al., 2005; Pang et al., 2019) 

Chlorinated aromatics Aromatics From chlorine radical reaction (e.g., chlorinated PAHs; 
Riva et al., 2015; Ohura et al., 2005) 

Perfluorocarboxylic acids Fluorotelomer alcohols OH oxidation in gas phase (e.g., perfluorooctanoic acid 
from 8:2 fluorotelomer alcohol; Wallington et al., 2006) 

NOTE: Based on observation in wildland fires or WUI fires, or knowledge about WUI materials or emissions and 
fundamental atmospheric chemistry knowledge. 
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Wildland fire emissions are known to increase formation of ozone, a secondary species with toxic 
potential formed through photochemical reactions involving oxides of nitrogen and VOCs (Xu et al., 
2021); insights pertaining to ozone formation in WUI fires are provided in the section called “Ozone 
Formation,” below. Likewise, secondary PM2.5 will also form downwind of WUI fires. Particulate sulfate 
forms from the oxidation of SO2 and H2S in the gas phase, in clouds and fogs, or in some cases on 
catalytic surfaces to form sulfuric acid. Sulfuric acid or its neutralized salt (e.g., ammonium sulfate) has a 
low vapor pressure and thus condenses on existing particles or forms new particles (Seinfeld and Pandis, 
2016). Particulate nitrate forms from the oxidation of oxides of nitrogen to nitric acid and the subsequent 
neutralization of nitric acid by ammonia (Seinfeld and Pandis, 2016). As with sulfate, secondary organic 
aerosol can form through gas phase and aqueous reactions; its formation is described in detail in the 
“Secondary Organic Aerosol Formation” section below. As the aerosol ages, primary and secondary 
PM2.5 components are frequently found in the same particles (i.e., internally mixed). However, the 
components are often phase separated, with sulfate, nitrate, and associated water in the core and organics 
in the shell, except at high relative humidities when the water content of the aerosol particles is substantial 
and liquid-like components can become homogeneously mixed (Ciobanu et al., 2009; Zuend and Seinfeld, 
2012; Li et al., 2021).  

Much is left to learn about the formation of secondary species with toxic potential downwind of 
WUI fires. An unresolved question is whether the “per unit mass” toxicity of the WUI fire plume mixture 
increases or decreases with distance downwind. O’Dell et al. (2020) found that hazard ratios and cancer 
risks associated with gas phase hazardous air pollutants derived from wildland fires decreased with 
distance downwind during the Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, 
and Nitrogen (WE-CAN) campaign. The largest hazardous air pollutant contributors were acrolein, 
hydrogen cyanide, and formaldehyde. Other investigators observed an increase in the oxidative potential 
(per unit mass) of organic aerosol when smoke from wildland fire fuels was oxidized (aged), suggesting 
that the potential of organic aerosol to play a role in oxidative stress may also increase with atmospheric 
aging (Wong et al., 2019). Little understanding exists regarding how far from the immediate fire zone 
human-made materials alter the toxicity of the air pollution mixture, and a more comprehensive 
assessment of the evolution of primary and secondary WUI fire plume toxicants is needed to understand 
the evolution of health impacts with atmospheric aging. 
 

Finding: The dominant health-relevant secondary species (secondary species with toxic 
potential) associated with WUI fires have not been definitively identified, and more work is 
needed to characterize species with toxic potential. 

 
Finding: It is not well understood how and how far downwind human-made materials influence 
the composition of WUI fire plumes.  

 
Research need: Research is needed to identify compounds that can serve as tracers of (1) a WUI 
fire’s influence on an air mass (e.g., aerosol tracers), (2) the influence of human-made materials 
on the chemistry, (3) the influence of particular oxidants, and (4) the influence of specific types of 
chemistry (e.g., multiphase chemistry) in WUI fire plumes. 

 
Major Atmospheric Oxidants Driving Gas-Phase Chemistry 

 
OH radicals, ozone, nitrate radicals, and chlorine radicals are expected to be the main 

atmospheric gas-phase oxidants in WUI fire plumes, although other halogens may also play a role. Much 
of this expectation comes from the current knowledge of WUI fire emissions, fundamental atmospheric 
chemistry, wildland fire studies (e.g., the recent WE-CAN and Fire Influence on Regional to Global 
Environments and Air Quality [FIREX-AQ] studies), and studies of atmospheric halogen chemistry in 
industrial areas. Coordinated measurements, including the use of tracers of chemical processes, have 
played an important role in improving our understanding of atmospheric chemistry. Atmospheric oxidants 
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transform the smoke mixture as it travels downwind, forming more oxidized and functionalized gases and 
secondary organic aerosols (e.g., wildland fire aerosol; Zhou et al., 2017).  

OH radicals (daytime), nitrate radicals (nighttime), and ozone are mainly responsible for 
oxidation of organic gases in wildland fire plumes; the implications for oxidation by compound class are 
provided for wildfires in the FIREX-AQ study by Decker et al. (2021). HONO and HCHO photolysis 
provides a rapid daytime source of OH radicals (Veres et al., 2010; Theys et al., 2020). In fact, Theys et 
al. (2020) argue, based on satellite-derived concentrations, that globally, HONO emissions are responsible 
for two-thirds of OH production in fresh wildland fire plumes, although their importance drops off rapidly 
as the plume ages (Xu et al., 2021). OH radical concentrations that are 5–20 times higher than those in 
background air have been measured in wildland fire smoke (Yokelson et al., 2009; Hobbs et al., 2003). 
Nitrate radical, produced from the oxidation of NO2 by O3, is a major nighttime oxidant in wildland fire 
plumes and may be enhanced in WUI fires due to high emissions of oxides of nitrogen formed as a result 
of nitrogen in the fire’s fuel (fuel NOx). However, the NO3 radical is rapidly lost to photolysis during the 
day (Ng et al., 2017). Oxygenated aromatics in wildland fires are highly reactive with the NO3 radical 
(Akherati et al., 2020; Decker et al., 2019). A wildland fire oxidant reactivity budget quantifying the roles 
of OH (daytime), NO3 (nighttime), and O3 (both) through the use of aircraft measurements has been 
provided by Decker et al. (2021). 

The role of halogens in WUI fire plume chemistry warrants additional consideration because of 
the increase in both halogen and fuel NOx emissions in these fires (Chapter 3). HCl and particulate 
chlorine are emitted from wildland fires (McMeeking et al., 2009), but HCl production is increased by the 
decomposition of polymers from the burning of structures (Chapter 3). Cl radicals are formed at the near-
field scale through mechanisms described in Chapter 3. Under atmospheric conditions that lead to cycling 
between reactive and nonreactive forms of nitrogen (e.g., conditions with high concentrations of N2O5), 
the impact of Cl radicals on chemistry persists with regional transport. Multiphase or aqueous reactions 
with N2O5 release chlorine (as ClNO2) from aerosols during transport, and Cl radicals are subsequently 
formed via daytime photolysis (Thornton et al., 2010; Goldberger et al., 2019; Ahern et al., 2018). 

The Cl radical is roughly an order of magnitude more reactive with many VOCs than the OH 
radical (Faxon and Allen, 2013). It fragments, oxidizes, and sometimes forms chlorinated organics, and it 
produces OH radicals (Faxon and Allen, 2013). The OH-to-Cl radical ratio is high enough that OH is the 
dominant oxidant in most cities (e.g., 9 percent of the primary radical source in Los Angeles; Young et 
al., 2014). However, the chlorine radical can be an important oxidant in several continental locations (e.g., 
the Houston, Texas, ship channel; Tanaka et al., 2003; Riemer et al., 2008). Young et al. (2014) conclude 
based on chemical modeling that the direct influence of the Cl radical on VOC oxidation is evident (e.g., 
in VOC tracer ratios) when OH-to-Cl radical ratios are less than 200, but that the true impact of the Cl 
radical is greater because of secondary reactions and the recycling of reactive chlorine. 

It is logical that chlorine and potentially other halogens would play an enhanced role in WUI fire 
plumes. A chlorine radical reactivity budget for WUI fires is needed to better assess the impact of this 
potentially important radical species. In addition to HCl, HBr is also emitted from structure fires (Chapter 
3), yet the contribution of reactive bromine chemistry is not understood. 
 

Finding: Coordinated measurements, including the use of tracers of chemical processes, have 
proven useful in improving our understanding of the chemical evolution in aging wildland fire 
plumes but are much more limited for WUI fires. 
 
Finding: Current understanding of the dominant daytime and nighttime oxidant species, 
including an assessment of any enhanced role of halogen chemistry, is incomplete; this 
information is important to estimate the atmospheric lifetime of primary species with toxic 
potential and predict the formation of secondary species with toxic potential downwind of WUI 
fires. 
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Research need: Field measurements and controlled experiments are needed to identify the 
dominant daytime and nighttime atmospheric oxidants, their concentration ranges, and the 
influence of emissions from human-made materials on oxidation; this information is important to 
determine typical atmospheric lifetimes for primary species with toxic potential and better predict 
concentrations of secondary species with toxic potential in WUI fire plumes. 

 
Ozone Formation 

 
Wildland fires have a substantial impact on regional summertime ozone concentrations (and 

exposures) in the western United States due to their substantial emissions of ozone precursors (i.e., VOCs 
and NOx; Friedli et al., 2001; Koss et al., 2018; Xu et al., 2021). Lu et al (2016) attribute one-third of 
summer days exceeding the National Ambient Air Quality Standard for ozone in the western United 
States to wildland fires (daily maximum eight-hour average, MDA8, ozone concentrations exceeding 70 
ppbv). Wildland fire MDA8 ozone increases can be as high as 5–40 ppbv on some days (Dreessen et al., 
2016; Lu et al., 2016; Gong et al., 2017), and the majority of observations suggest at least some ozone 
increase (Jaffe and Wigder, 2012). VOC-to-NOx ratios are approximately 10–30 for temperate wildland 
fires, suggesting that NOx is typically the limiting precursor after the first few hours of rapid formation 
and transport (Jaffe et al., 2020; Andreae, 2019; Akagi et al., 2011; Jaffe and Wigder, 2012; Xu et al., 
2021). Thus, the partitioning of reactive nitrogen between NOx, NO3, peroxyacetyl nitrate, and other N 
species will regulate ozone production, and ozone production may increase where the wildland fire 
plumes interact with NOx-rich pollution (e.g., when they encounter cities and powerplant plumes). 
Peroxyacetyl nitrate acts as a long-range NOx reservoir species, enabling ozone formation to continue 
over hundreds of kilometers (Alvarado et al., 2010; Briggs et al., 2017). 

It is possible that increased reactive nitrogen and chlorine emissions in WUI fires may drive 
faster ozone formation (e.g., by increasing OH) and more ozone production (e.g., via NOx and Cl 
reservoir species) at a regional scale. However, the magnitude of these effects is not known. Ozone 
formation is a photochemical process, and thus it also depends on the photolysis rate, which can be 
reduced by aerosol extinction (e.g., the rate can be reduced by 10–20 percent; Real et al., 2007). Likewise, 
clouds and wet aerosols can reduce ozone formation by removing water-soluble ozone precursors 
(Yokelson et al., 2003).  
 

Finding: The increase in reactive nitrogen and halogen emissions in WUI fires relative to 
wildland fires, and the VOC-to-NOx ratios of WUI fire emissions, are not well characterized; this 
information could improve prediction of ozone from WUI fires. 

 
Secondary Organic Aerosol Formation 

 
Aircraft, remote sensing, field, and lab studies provide insights into secondary organic aerosol 

(SOA) formation from wildland fire emissions (Hodshire et al., 2019). For example, 
 

● Garofalo et al. (2019) did not see a change in the total organic aerosol mass concentration 
(relative to CO) with distance downwind but did see an increase in the degree of 
oxygenation, as indicated by an increase in oxygenation markers and a concurrent 
decrease in the biomass burning marker.  

● Palm et al. (2020) simulated the wildfire chemistry, constrained by aircraft 
measurements, and concluded that 87 percent of the organic aerosol formed in the 
atmosphere was composed of evaporated IVOCs. Phenolic SOA precursors accounted for 
the majority of the remaining SOA. At 3–6 hours of daytime oxidation, two-thirds of the 
aerosol mass was primary, and one-third was secondary.  

● Through remote sensing, validated in part by aircraft measurements, Junghenn Noyes et 
al. (2020) documented an increasing ratio of brown carbon to black carbon aerosol with 
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distance downwind of the Government Flats Complex Fire in Oregon, suggesting the 
atmospheric formation of light-absorbing organic aerosol in the plume. 

 
SOA Formation via Vapor Pressure–Driven Partitioning 
 

Based on fundamental principles of atmospheric chemistry, the committee expects that gas-phase 
oxidation via OH and Cl (daytime), NO3 (nighttime), and O3 results in fragmentation of some WUI fire 
organics and functionalization of others. Thus, gas-phase oxidation can lead to the formation of smaller, 
more oxygenated (water-soluble) gas-phase compounds. However, when oxidation leads to 
functionalization and the products have a low enough vapor pressure, they condense (sorb into preexisting 
aerosol) and form a SOA (Kroll and Seinfeld, 2008). SOA formation through vapor pressure–driven 
partitioning happens on a timescale of minutes to hours (Palm et al., 2020). SOA formed from wildland 
fires via vapor pressure–driven partitioning typically has a lower volatility and higher O-to-C ratios than 
primary organic aerosol emitted by wildland fires (Garofalo et al., 2019; Palm et al., 2020).  

Oxygenated aromatic compounds and IVOCs are understood to be the main SOA precursors 
through gas-phase oxidation and vapor pressure–driven partitioning (Akherati et al., 2020; Posner et al., 
2019; Chan et al., 2009; Zhao et al., 2014b; Tkacik et al., 2012; Yee et al., 2013; Coggon et al., 2019; 
Patoulias et al., 2021). These are among the SOA precursors in WUI fire plumes. However, model 
prediction of the magnitude of SOA formation downwind of wildland fires (Theodoritsi et al., 2021) and 
WUI fires remains uncertain due in part to inadequate chemical characterization of IVOCs and other 
precursor emissions, the partial understanding of oxidation mechanisms, and a lack of thermodynamic 
data for the oxidation products. Phenol, guaiacol, dioxins, and synthetic polymer degradation products are 
among the potential WUI precursors to SOA formation through gas-phase oxidation and vapor pressure–
based partitioning.  
 
SOA Formation via Aqueous, Heterogeneous, or Multiphase Chemistry 
 

Chemistry in WUI fire plumes can also occur on the surfaces of aerosol particles (heterogeneous) 
and in the liquid water contained in clouds, fogs, and aerosol particles (multiphase or aqueous). 
Atmospheric liquid water and water-soluble compounds are abundant in wildland fire plumes. 
Formaldehyde, isocyanic acid, glycolaldehyde, acetic acid, phenols, furfurals, and amines, which are 
found in wildland fire plumes (Friedli et al., 2001; Koss et al., 2018; Schauer et al., 2001; Hatch et al., 
2015; Selimovic et al., 2018; Tomaz et al., 2018; Leslie et al., 2019; Permar et al., 2021; McFall et al., 
2020), for example, will partition into clouds and wet aerosols, where they can react further through 
radical or non-radical reactions (Bianco et al., 2020). In some cases, products of aqueous organic 
chemistry remain in the particle phase after water evaporation (e.g., Lee et al., 2011; Brégonzio-Rozier et 
al., 2016), and water evaporation itself can drive accretion reactions that enhance particle-phase retention 
(e.g., for aldehydes and amines; Hawkins et al., 2014; Loeffler et al., 2006). Thus, chemistry in clouds 
and wet aerosols can lead to “aqueous” SOA formation (Blando and Turpin, 2000; Volkamer et al., 2009; 
Tilgner et al., 2013; McNeill, 2015; Lamkaddam et al., 2021). 

Because the precursors are small and oxidized, with high O-to-C ratios, the SOA produced also 
has high O-to-C ratios. In clouds, radical reactions dominate, whereas in wet aerosols, non-radical 
reactions can be important (Lim et al., 2010; McNeill, 2015). For example, peroxides and epoxides from 
isoprene oxidation undergo rapid reactive uptake via acid catalysis in wet aerosols (Surratt et al., 2010); 
this multiphase isoprene chemistry is a major source of SOA in the southeastern United States 
(Budisulistiorini et al., 2013; Ying et al., 2015). The aqueous oxidation of particulate organics in clouds 
and wet aerosols can also result in volatile losses of oxidation products—a reduction in organic aerosol 
mass. 

Several studies provide evidence for the influence of atmospheric aqueous chemistry on wildland 
fire smoke evolution: 
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● Decreasing concentrations of methanol and increasing concentrations of formaldehyde 
above clouds affected by savanna fires have been attributed to in-cloud oxidation of 
savanna fire emissions (Yokelson et al., 2003; Tabazadeh et al., 2004).  

● Zhang et al. (2017) measured an increase in the aerosol brown-carbon-to-black-carbon 
ratio in the outflow, compared to inflow, of convective clouds impacted by a wildland 
fire plume, suggesting aqueous SOA formation.  

● Gilardoni et al. (2016) observed the formation of a light-absorbing SOA in fog and wet 
aerosol impacted by residential woodburning and estimated that aqueous chemistry 
accounts for approximately one-half of the SOA mass in the Po Valley, Italy, in a typical 
winter (Gilardoni et al., 2016; Paglione et al., 2020).  

● Lin et al. (2010) concluded that cloud processing of straw-burning emissions could 
explain high correlations between cloud chemistry tracers (i.e., oxalate and sulfate) and 
humic-like substances in ambient aerosols affected by the field burning of rice straw.  

● Cook et al. (2017) observed light-absorbing aqueous-phase products of syringol and 
guaiacol oxidation in wildland fire–influenced cloud water samples.  

● Tomaz et al. (2018) observed the formation of known SOA components upon aqueous 
OH radical oxidation of emissions from burning mixtures of forest materials. 

● The aqueous SOA formation potential of several wildland fire emissions (e.g., acetic, 
glycolic, pyruvic, succinic, glutaric, adipic, and lactic acids; glycolaldehyde; phenol; 
catechol; guaiacol; vanillin; levoglucosan) and the aqueous formation of nitrophenols 
among other products have been studied in the laboratory (Carlton et al., 2006; Perri et 
al., 2009; Chang and Thompson, 2010; Sun et al., 2010; Tan et al., 2012; Charbouillot et 
al., 2012; Lim et al., 2013; Li et al., 2014; Zhao et al., 2014a; Yu et al., 2014; Yu et al., 
2016; Pang et al., 2019; Vidović et al., 2020).  

● Models estimate in-cloud SOA from biomass burning at 20–30 Tg/yr globally (Liu et al., 
2012; Lin et al., 2014). 

  
Predictions of SOA formation through aqueous chemistry are highly uncertain (Barth et al., 

2021), in part because of uncertainties in aqueous-phase oxidant concentrations. It is generally accepted 
that OH concentrations are depleted in clouds in comparison to equilibrium (Arakaki et al., 2013), 
although there is some indication that concentrations could be much higher under certain circumstances 
(Paulson et al., 2019; Lamkaddam et al., 2021) and that reactions at air-water interfaces can be orders of 
magnitude higher than in bulk water (Enami et al., 2014). Photosensitized reactions, HONO, halogens, 
reactive nitrogen, H2O2, and metals (Fenton chemistry) are all possible sources of aqueous-phase radicals 
(Bianco et al., 2020). Organics could also plausibly recycle radicals through autocatalysis (Rossignol et 
al., 2014). Acidity is also a critical factor in determining the partitioning of aqueous-phase products 
between gas and particle phases (Tilgner et al., 2021; Ortiz-Montalvo et al., 2014). 

Overall, significant progress has been made in understanding the gas-phase chemistry, gas-to-
particle partitioning, and SOA formation associated with the burning of biomass from fields and forests. 
Many of the most important processes are controlled by radical chemistry. Because WUI fires have the 
potential to have significantly different radical reactivities than wildland fires, due to the increased 
presence of halogen radicals, metals, and other species, critical chemical pathways have the potential to 
have different rates and to be qualitatively different than in wildland fires. More work is needed to 
understand WUI plume chemistry, especially the multiphase, aqueous, and catalytic chemistry. Issues 
include identifying the critical WUI species and processes. A combination of aircraft and other field 
measurements (see Chapter 7), controlled laboratory experiments, and modeling (see below) will be 
needed to address these questions. 
 

Finding: Multiphase, aqueous, and catalytic chemistry in WUI fire plumes is poorly understood. 
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Research need: An improved understanding of key processes and formation pathways such as 
the roles of multiphase, aqueous, and catalytic chemistry in WUI fire plumes is needed. 

 
CURRENT PRACTICE IN MODELING FAR PLUMES 

 
A critical role of smoke models is to provide forecasts for public health guidance; coordinated 

measurements and modeling, used in conjunction with controlled experiments, also test our understanding 
of emissions and atmospheric processing, and enable model refinements. The physical movement of 
wildland fire plumes over length scales of hundreds to thousands of kilometers is typically modeled using 
trajectory or dispersion models. These types of models typically model few or none of the chemical 
transformations that occur in wildland fire and WUI plumes. They do, however, predict dilution, some 
physical processes such as deposition, and the direction of movement of plumes. These features make 
transport and dispersion models useful for predicting likely atmospheric concentrations of particulate 
matter and are used in public notification of risk (activities to avoid). For example, the smoke forecasting 
system from the National Oceanic and Atmospheric Administration uses National Weather Service inputs 
from the North American Mesoscale model and smoke dispersion simulations from the Hybrid Single-
Particle Lagrangian Integrated Trajectory model (Stein et al., 2015) to produce a daily prediction of 
smoke transport and concentration (NOAA ARL, 2012). As an example, Figure 4-2 shows fire location 
(top) and fire plume projections (bottom) for September 16, 2021, when fire plumes from Idaho and 
California extended east as far as Minnesota (NOAA ARL, 2021). 
 

 

 
FIGURE 4-2 Example of daily fire locations (top) and fire plume projections (bottom) for September 16, 
2021, from the National Oceanic and Atmospheric Administration. 
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The accuracy of these models of plume trajectories is dependent on the ability to accurately 
assess the vertical height of the plume, since wind speeds and direction can vary significantly with height. 
Paugam et al. (2016) provide a review of plume rise performance in chemical transport models along with 
the atmospheric and fire parameters governing plume rise and assess the sensitivity of dispersion 
predictions to the predicted plume rise. More recent tools (https://hwp-viz.gsd.esrl.noaa.gov/smoke/; 
https://rapidrefresh.noaa.gov/hrrr/HRRRsmoke/) that make use of fire radiative power data to estimate 
plume rise have provided significant advances in trajectory modeling of wildfires (Ahmadov et al., 2017).  

In an evaluation of the forecasting ability of 12 smoke models for a case study on a single 
wildland fire, Ye et al. (2021) found that all models underpredicted the amount and extent of the plume, 
while predictions of PM2.5 were biased in both directions, depending on the model. The authors attributed 
biases to uncertainties in emissions and plume rise, although atmospheric chemistry could certainly also 
play a role. This study demonstrates challenges involved in smoke forecasting and provides some insight 
into where additional effort is needed to improve prognostic modeling for WUI fires. Comprehensive 
summaries of smoke models can be found in the literature (Ye et al., 2021; Jaffe et al., 2020).  
 

Finding: Models are currently available and can be useful for predicting likely impacts, public 
notification of risk (activities to avoid), and forecasting of particulate matter concentrations.  

 
Research need: Continued improvement is needed in smoke dispersion models for use in both 
retrospective and prospective modes. 

 
Different types of models are used to characterize chemical transformations in wildland fire and 

WUI plumes over local, regional, and continental scales. The complex gas-phase chemical 
transformations, particle-phase chemical transformations, and gas-to-particle partitioning associated with 
wildland fires and WUI fires, outlined in this chapter, are tracked using computationally intensive models 
that couple chemical transport and transformation. These modeling tools are broadly referred to as 
chemical transport models, and include modeling frameworks such as the Community Multiscale Air 
Quality (CMAQ) Modeling System (https://www.epa.gov/cmaq) and the Comprehensive Air Quality 
Model with Extensions (https://www.camx.com/). Because these models are so computationally 
intensive, simplified gas-phase chemical mechanisms, particle-phase chemical mechanisms, and models 
of gas-to-particle partitioning processes are used in the models. These “reduced” mechanisms track a 
limited number of molecular species and compound classes explicitly. The majority of primary and 
secondary pollutants are grouped into very broad “lumped” chemical classes such as inorganic 
compounds, VOCs, semi-VOCs, water-soluble organic compounds, and particulate matter. The general 
relationships between lumped and explicitly tracked molecular species in predictive chemical transport 
models, and unresolved species, is illustrated in Figure 4-3.  

Chemical transport models are used to couple the modeling of transport and chemical 
transformation and are widely used in developing and evaluating air quality management plans for 
reducing ozone, particulate matter, and other pollutants in urban and regional atmospheres. Chemical 
transport models have also been applied to examine the coupled transport and chemical transformation of 
fire plumes, most commonly in retrospective analyses of wildland fire and WUI fire events, rather than in 
forecast mode (Goodrick et al., 2012). 

Chemical transport models have generally not been optimized to address the unique chemistries 
and transport characteristics of wildland fire plumes. Nevertheless, a number of fire episodes that have 
impacted air quality over regional to continental scales in the United States have been modeled (Wilkins 
et al., 2018; Huang et al., 2021, Jiang and Yoo, 2019; Fann et al., 2018). These simulations, when 
compared to ambient observations, have tended to underestimate peak ozone and particulate matter 
concentrations associated with fires. In addition, the simplified chemistries used in the models for 
computational efficiency simulate only a limited number of chemical species, and most model  
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applications are not formulated to track toxicants generated by fires. Limitations of current-generation 
chemical transport modeling tools in simulating regional- to continental-scale fire events are described in 
more detail below.  
 

Limitations of Condensed Chemistries 
 

Chemical transport models use simplified representations of chemical transformations because 
models of the full chemistry, even if all reactions and rates were known, would be too computationally 
intensive to use within the context of the models. One commonly used simplification is to represent 
classes of compounds by a single chemical species. For example, the reactions of all substituted aromatic 
compounds might be represented by the reactions of one or two “lumped” species. Another commonly 
used simplification is to represent collections of similar functional groups in molecules by a single 
lumped species. For example, the reactions of all paraffinic carbons in a mixture might be represented by 
a single chemical species. 

These “lumped” or condensed mechanisms pose multiple problems for modeling fire emissions. 
First, in lumping chemical species, information about specific molecular concentrations, which is needed 
for estimating concentrations of toxicants, is lost. New condensed mechanisms with the ability to track 
key individual chemical species could be developed. 

A second, and related, problem is that changing individual reactions in condensed mechanisms is 
problematic. As a simple example, consider a condensed mechanism that seeks to model specific aromatic 
species and therefore separates a particular aromatic species (e.g., toluene) from the lumped aromatics 
category. This can change the average reactivity of the “lumped” species, because the reactivity of 
toluene may be different than that of the xylenes and ethyl benzene, which toluene may have been lumped 
with. This means that to update the toluene chemistry, the entire mechanism has to be updated (Whitten 
et. al., 2010). Since even modest changes made to condensed mechanisms require that the entire 
mechanism be reevaluated, the development of condensed mechanisms suitable for specialized 
applications such as wildland or WUI fires has been limited. This difficulty in updating the chemical 
lumping is not limited to the chemical mechanisms.   
 

 
FIGURE 4-3 This schematic overview indicates which emissions are explicitly tracked and which are 
lumped (not explicitly tracked) by models. *Black carbon and organic carbon are defined based on 
thermal-optical carbon analysis protocols described by Spada and Hyslop (2018) and Chow et al. (2007). 
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A third issue is that condensed mechanisms have been designed with gas-phase chemistry in 
mind, without consideration for partitioning between the gas phase and clouds or aerosols. In some cases, 
species are “lumped” together across a wide range of Henry’s law constants, which makes it difficult to 
incorporate cloud and multiphase aerosol chemistry into the models, to predict the concentrations of 
water-soluble toxicants (e.g., isocyanic acid) and to predict deposition. This limitation affects the 
prediction of SOA and could affect the accuracy of gas-phase chemistry prediction, especially in the near 
field, by making it difficult to accurately account for the loss of reactive water-soluble gas-phase species 
to clouds and wet aerosols (e.g., formaldehyde, formic acid, HONO, HCl).  

A fourth issue is the omission of classes of compounds (e.g., Coggon et al., 2019). For example, 
condensed mechanisms are not designed to track IVOCs, which are emitted as particulate matter but 
volatilize in the near field. Nor do they typically track furans, which have been reported to account for 
roughly 10 percent of ozone formation in the first four hours of wildfire smoke aging (Coggon et al., 
2019). 

These limitations are of particular concern for wildland fire and WUI fire model applications, 
given the importance of tracking toxicants for exposure assessment and the abundance of water-soluble 
species and IVOCs emitted by WUI fires.  
 

Finding: Current models lack the chemical specificity needed to track in detail the types of 
toxicants associated with wildland fires and WUI fires. 

 
Research need: Development of condensed chemical mechanisms is needed for use in applying 
chemical transport models to WUI fires. 

 
Sub-Grid-Cell Chemical Processing of Emissions 

 
For industrial point sources, near-source limitations of chemical transport models are frequently 

overcome through the use of sub-grid-cell (i.e., plume-in-grid [PiG]) chemical modeling tools; however, 
such tools are not designed for wildland fire or WUI fire emissions. Chemical transport modeling (e.g., 
CMAQ; Appel et al., 2021) is typically performed using gridded domains with a horizontal resolution of 
12 km, 36 km, or more. The vertical depth of the model grid cells increases with height above ground 
level, and ranges from depths as small as tens of meters to depths as large as hundreds of meters at higher 
elevations. When emissions are modeled, they are assumed to immediately and completely mix 
throughout the grid cell into which they are emitted. Thus, the horizontal extent of the grid cell means that 
spatial variability in emissions over roughly kilometer scales is lost. Since fire burn fronts are often at 
smaller spatial scales (Freitas et al., 2007; Sokolik et al., 2019), chemical transport models will 
unrealistically mix fire plumes.  

For sources with sub-grid scales, the unrealistic, immediate dilution of emissions leads chemical 
transport models to underestimate the rates of reactions. The rate of a chemical reaction scales directly 
with concentration, and therefore dilution of an emission that might be occurring over a 1 km2 area to a 
grid cell that is 36 km by 36 km in extent will reduce concentrations of the emitted species by a factor of 
more than 1,000. When the reactants are mixed over a large volume in a simulation, the reactions also are 
simulated to occur over a large volume. For unimolecular chemical reactions, using a large grid-cell size 
may have only a modest effect on accuracy. Many atmospheric chemical reactions are bimolecular, 
however. Emission plumes, occurring over a 1 km2 area, with multiple reactants participating in 
bimolecular reactions, that are immediately mixed over an area of 1,000 km2, will have the rates of the 
bimolecular reactions reduced by a factor of 106. Thus, even if these reactions are assumed to occur over a 
volume that is a factor of 103 larger, the volume-integrated rate of reaction will still be orders of 
magnitude too low. Thus, modeling of chemical transformations at sub-grid-cell levels is frequently 
needed.  

The usefulness of sub-grid-cell processing is well-known, and tools that model sub-grid-cell 
plumes within the context of a gridded model (PiG modeling tools) have been developed (Wei et al., 
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2021; Karamchandani et al., 2011). These PiG tools have their own reduced chemical mechanisms, and 
those mechanisms have been developed primarily for modeling industrial plumes, especially plumes of 
power plants that are rich in NOx (Karamchandani et al., 2011). The PiG tools designed to model 
industrial point sources model plume mixing with the surrounding atmosphere based on an industrial 
point-source plume structure, which differs from the typical wildland fire or WUI fire plume structure. 
Because the chemistry and plume dispersion currently available within PiG tools are not well suited for 
fire plumes, some wildland fire modeling studies have made use of box models to perform initial sub-
grid-scale chemistry (Peng et al., 2021). However, it should be noted that the general framework of PiG 
tools could be useful for fire modeling. 
 

Finding: Current models lack detailed physical modeling of the unique features of fire plume 
structures. 
 
Finding: Models fail to capture key chemical interactions within the plume, including the 
interactions of emission sources with ambient air, clouds, and aerosols. 
 
Research need: Development of sub-grid-cell processing techniques suitable for fire plumes is 
needed. 
 
Research need: Regional chemical transport models need substantial enhancements in order to 
adequately describe WUI fire plumes, and research support is needed to drive these 
improvements. 
 
Overall, chemical transport models, when used in combination with field measurements, are 

powerful tools for understanding and predicting air quality impacts of fires. Enhancements to chemical 
transport models, coupled with measurements to evaluate the performance of the improvements, could be 
used to develop new capabilities, including but not limited to the following: 
 

● Modeling of individual chemical species that are either toxicants or surrogates for the emission of 
classes of WUI emissions, with consideration for properties that affect partitioning between the 
gas phase, clouds, and aerosols (e.g., Henry’s law constant, vapor pressure) 

● Development of sub-grid-cell models that could be used to model the mixing of fire plumes with 
ambient air and the structure of single-structure or neighborhood-scale plumes 

● Development of chemical transport models that could be used in prognostic mode to facilitate 
first-responder activity during environmental crises, and communication/decision-making 
coordination (a technology link to communicate predictions at the different scales of responders) 

  
Research need: A combination of research approaches is needed to understand and predict 
toxicant concentrations downwind of WUI fires and ultimately mitigate their health risks.  

 
Research need: There is a need to identify a subset of WUI fire–associated species (based on 
their toxicity or importance in chemistry) that are prioritized in both measurement and modeling 
efforts; attention is needed toward selecting priority species that span a range of physicochemical 
properties (e.g., vapor pressure, Henry’s law constant, oxidation state) and reactivity. 
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5 
Water and Soil Contamination 

 
As earlier chapters in this report have discussed, combustion reactions for materials at the 

wildland-urban interface (WUI; e.g., household components such as siding and plastic, as well as 
biomass; see Chapter 3) result in emissions of chemical species to the surrounding environment. Although 
part of these emissions will remain in the air and be further transformed in the downwind plume, as 
described in Chapter 4, pathways also exist for the mobilization (or partitioning) of some of these 
chemical species into nearby soils and water streams, potentially impacting ecosystem health or even 
public health. The possibility also exists of pollutants in the plume being deposited downwind of the fire 
area, as long-term studies on the impacts of wildfires have observed. Finally, the active process of 
firefighting could add pollutants to the immediate area, in the form of flame retardants and other 
compounds (McGee et al., 2003).  

All these processes can impact the immediate conditions after the fire, which are critical as first 
responders and community residents arrive back in the area to assess damage. There is a dearth of peer-
reviewed data documenting the specific impacts of WUI fires on water and soil contamination, with only 
a few studies providing critical information on potential impacts (as will be discussed below). In addition, 
a number of reports commissioned by the State of California after major fires over the last few years 
document the potential for contamination from pollutants in ashes.  

Perhaps the most widely known case for water contamination observed in the recent past is the 
case of the contamination of water distribution systems after two significant fires in California, the Tubbs 
Fire in 2017 and the Camp Fire in 2018 (see Chapter 2 for more details about the Camp Fire). As has 
been well summarized elsewhere, in these cases, benzene and other small-molecular-weight toxicants 
(e.g., volatile organic compounds, or VOCs) were measured in the potable water distribution systems. 
Although limited samples were taken across areas where communities had been burned, levels of benzene 
above 5 ppb (the US Environmental Protection Agency’s (EPA’s) maximum contaminant level 
recommendation) were measured in several samples collected from water mains, hydrants, and service 
connections (Proctor et al., 2020; Solomon et al., 2021). Subsequent investigations indicated that the 
source of contamination was more than likely the combustion of household materials, as opposed to 
contamination via other sources (e.g., hydrocarbon storage tanks). Researchers hypothesized that ingress 
into the distribution system occurred through negative pressures, in piping systems relative to external 
pressures (Proctor et al., 2020). In these cases, contamination persisted for months until remediation of 
the situation, which required extensive efforts by the water providers. Additionally, reports of data from 
WUI fires in California document levels of metals measured in ash samples collected in impacted 
neighborhoods, with elevated levels of antimony and other species (TetraTech Inc., 2019). 

Although the recent cases of water contamination after a WUI fire have become widely known 
and received significant press coverage, it has been known for decades that wildland fires can impact 
water and soil quality (Rhoades et al., 2019b; Hohner et al., 2019a; Bladon et al., 2014; Smith et al., 2011; 
Olivella et al., 2006). These issues will continue to be a concern as the frequency of WUI fires continues 
to increase. 

The focus of this chapter is to provide a description of some of the concerns regarding water and 
soil contamination after WUI fires. These two media environments are discussed separately. One 
common theme in the subsequent sections is the lack of detailed information on the specific 
contamination of water and soils under conditions where the area burned included the built environment, 
for example, structures (see Chapter 2 for a more extensive definition of WUI fires). Therefore, the 
discussion cites studies that provide information originally collected for wildland fires, which can be 
extrapolated to WUI fires. As with other chapters, the last section provides a series of research needs. 
 Box 5-1 defines key terms that are used throughout this chapter. 
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BOX 5-1 Key Terminology 
 

Community water system (CWS): A water system serving populations greater than 25 people, year round 
 
Dissolved organic matter (DOM): A mixture of organic compounds found ubiquitously in surface and ground 
waters; derived from terrestrial and aquatic sources 
 
Emissions (or effluents): Species emitted into the air, water, soil, or other media, from a process; these are 
sometimes called releases 
 
Partitioning: The distribution of a species i between two media, such as air and particles, or air and water 
 
Pollutant: A chemical or biological substance that harms water, air, or land quality 
 
Toxicant: Any chemical that can injure or kill humans, animals, or plants (depending on the magnitude and 
duration of exposure); a poison 
 
Volatile organic compounds (VOCs): Organic compounds with vapor pressures high enough to exist in the 
atmosphere primarily in the gas phase, typically excluding methane; VOCs can easily become airborne for 
inhalation exposure 

 
 

IMPACTS TO WATER QUALITY RELATED TO COMMUNITY WATER SYSTEMS 
 

This section discusses impacts to centralized community water systems (CWSs; Figure 5-1), 
generally in the vicinity near a fire, followed by potential long-range impacts. A CWS is defined as a 
system serving populations greater than 25 people, year round (EPA, 2021b). The committee does 
recognize that smaller communities can also be impacted by fires, and the concerns raised will also apply 
to those communities’ systems, including groundwater systems. The contaminants considered will include 
largely organic materials and metals, but will not consider what it is typically referred to as black carbon 
or pyrogenic organic carbon (Jaffé et al., 2013). Also not explicitly covered is fire-impacted or fire-
produced carbon in streams. This ill-defined mixture on its own is not considered toxic, even if some of 
its components (e.g., polycyclic aromatic hydrocarbons, or PAHs) have health considerations. 
 
 

 

FIGURE 5-1 WUI fires can impact soil and water, ultimately also impacting CWSs. SOURCE: Hohner 
et al. (2019a). 
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CWSs rely on stable and predictable water sources. Treatment operations are designed with an 
expectation that their systems will not be subject to abrupt changes in conditions. CWSs are regulated by 
federal statutes and therefore are required to meet stringent water quality standards, for example related to 
disinfection by-product formation levels (EPA, 2021a).  

A WUI fire can potentially impact the operations of a CWS in both the short and long term. 
Initially, operational concerns arise to address the immediate aftermath of the fire, focusing on returning 
potable water service to the impacted communities and possibly issuing notices to communities in and 
near the incident area (e.g., boil water advisories). In the aftermath of the fire, impacts related to water 
quality occur; different types of chemical species can contaminate the water, with different entry points. 

Contamination to a CWS can occur via source water contamination (i.e., streams or reservoirs, 
some of which are in urban settings, and groundwater) or through critical failures in distribution systems, 
for example, negative pressure events that may draw in contamination (potentially gas phase or in the 
form of ashes). Source water issues relate directly to the runoff of contamination during or after the fire. 
For example, the use of firefighting chemicals can result in mobilization that ultimately impacts source 
waters, although the use of these firefighting chemicals is restricted near surface waters (Nolen et al., 
2022). Mobilization of ashes and runoff from incident areas can impact surface waters as well. 
 

Ashes and Sediments 
 

The types of contamination considered important for CWSs include mobilization of ashes and 
sediments. These substances increase the turbidity in the water and can also act as a source of other 
pollutants, as chemicals partition between solid particles and the aqueous environment. The turbidity in 
the final water produced by a CWS is regulated, and for the most part, high turbidity (>100 NTUs 
[nephelometric turbidity units, the units from a calibrated nephelometer]) represents a challenge for 
CWSs (Becker et al., 2018). The particles leading to the turbidity can be mobilized by rain events in the 
aftermath of a fire and can impact CWS source waters.  

Although a challenge to CWSs, turbidity is not directly related to potential health effects. 
However, it is used as a surrogate for pathogenic contamination (Sinclair et al., 2012; Fewtrell and 
Bartram, 2001). Microbiological contamination due to failures in drinking water–treatment systems (e.g., 
reduced disinfectant exposure) can cause immediate health concerns for communities. Treatment 
operations need to be able to remove the particles causing turbidity, most commonly using the process of 
coagulation. Work on the efficacy of coagulation at removing these particles suggests that higher 
coagulant doses are needed to achieve a target turbidity level in finished water (Hohner et al., 2016; 
Hohner et al., 2019b). The physicochemical properties of the particles, including particle size distribution 
and zeta potential (charge at the surface of a particle), impact the performance of coagulation. Limited 
work exists on the characterization of these particles after wildland fires, and to the best of the 
committee’s knowledge, no work has been done on any particles emanating from urban fires or WUI 
fires. 

Ultimately, the particles that mobilize in water serve as a substrate from which the water can 
leach off other potential pollutants. Wildland fires impact the levels of dissolved organic matter (DOM) in 
surface waters (Hohner et al., 2019a). For example, recent studies in several burned watersheds provided 
evidence of changes in the concentration of DOM (Hohner et al., 2019a; Santos et al., 2016). The overall 
impact in the mobilization of DOM is expected to be a function of combustion temperature. The same 
studies indicate that mid-level combustion temperatures (~250–350°C) produce the highest levels of 
DOM in water after wildland fires. Once again, the committee found a dearth of information on DOM 
from particles (from sediment and ashes) after WUI fires. Given the different materials that combust in 
WUI fires, it is expected that the DOM mobilization from ashes in urban settings will be greater 
compared to that of wildland settings, although this hypothesis needs to be tested. 

DOM is not directly toxic, but it is a substrate for the formation of disinfection by-products 
(DBPs) upon water disinfection (e.g., chlorination), which is why CWSs pay attention to this parameter. 
DBPs include a collection of halogenated compounds that are formed via the reaction between electron-
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rich components of DOM and the hypochlorous acid (or chloramines) used in water treatment 
(Richardson, 2003). DBPs include trihalomethanes and haloacetic acids, the two most studied classes of 
compounds in water disinfection, since they are regulated by the EPA at 80 and 60 ppb, respectively 
(EPA, 2006). 

Changes in the concentration of DOM, as well as in the inherent reactivity of its components, can 
cause issues related to DBP formation. Post-fire, DBP levels can continue to change. Recent reports 
indicate that DOM levels impacted by fires can either increase or decrease the formation potential of 
different DBPs (Hohner et al., 2016; Wilkerson and Rosario-Ortiz, 2021). Work has focused mostly on 
wildland fires, and it is unclear what the impact would be under WUI fire conditions. Ultimately, the 
impact will relate to the kinds of compounds found in the overall DOM matrix, which is mostly unknown 
for WUI fires. 
 

Organic Chemicals and Nutrients 
 

The next level of contamination of concern for CWSs relates directly to specific chemicals 
impacting both surface waters and distribution systems. As one example, research on the impact of 
wildland fires on water quality has established that nutrient levels are impacted and can be elevated for 
years after the event. For example, Rhoades and coworkers examined the long-term mobilization of 
nutrients (e.g., nitrate) after fires, with data suggesting effects even beyond 10 years (Rhoades et al., 
2019a). They attributed this observation to changes in the dynamics of nitrogen within the watershed, 
with changes in the amount of nitrogen retained after deposition. Other studies have also summarized the 
mobilization of nitrogen (and phosphorus); these studies predicted overall levels below that of any 
potential health concerns, but high enough to promote eutrophication in reservoirs (Smith et al., 2011). 
Eutrophication can result in issues with algal blooms, which can lead to the release of algal toxins and 
impacts to water quality.  

In the context of WUI fires, limited data exist on the potential mobilization of nutrients from the 
combustion of urban materials; measurements are needed in this area. However, concerns related to 
eutrophication in reservoirs and surface waters are not an immediate concern in the aftermath of a fire; 
nitrate, for example, has a maximum contaminant level of 10 ppm, and it is unclear whether such levels 
can be reached in the immediate aftermath of a fire, even near the incident area. 

As discussed above, recent reports demonstrated the potential for VOC contamination after WUI 
fires. Proctor et al. and others reported on the contamination of water distribution systems and households 
after recent fires in California (Proctor et al., 2020; Solomon et al., 2021). Table 5-1, taken from Proctor 
et al. (2020), shows the level of contamination measured after the Tubbs and Camp Fires. They provide 
concentrations for numerous VOCs measured, with benzene the most likely species to be found. Solomon 
and coworkers also reported benzene detection in samples collected after the 2018 Camp Fire (Solomon 
et al., 2021). They also detected methylene chloride, although the data suggest that this compound may be 
formed via other pathways not necessarily related to the wildfires. Work by Schulze and Fischer (2021) 
posits that local burn severity drives VOC contamination. The main concern regarding VOC 
contamination is ingress through distribution systems, as recent work has rejected other sources (such as 
liquid fuel contamination). 

These recent publications raise several concerns regarding water quality in the immediate 
aftermath of a WUI fire, as well as long-term (up to a year) concerns with the exposure of communities to 
unhealthy levels of VOCs. It is not clear what the formation mechanisms for these compounds are. 
Chapter 3 describes in general terms the complexity that is expected from combustion during WUI fires. 
These compounds may form in the gas phase and then partition to water or into ashes. If ashes are the 
main source, negative pressures in the distribution system could draw these materials into pipes, then 
mobilize them and raise concerns regarding long-term issues.  

Given the potential contamination due to the species discussed in this section, CWSs need to have 
plans in place to isolate areas that may burn, with additional plans to limit the exposure to these 
compounds and to introduce higher sampling frequency after WUI fire incidents. 
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TABLE 5-1 VOCs Detected in Drinking Water Samples from the Tubbs and Camp Fires in California  

 
SOURCE: Table reproduced from Proctor et al. (2020, Table 2). 
 
 

The VOC contamination after the Tubbs and Camp Fires raises the concern of what other 
chemicals, beyond those already reported, can be found in water after fires. Based on the complexities of 
the combustion reactions that are occurring, one might expect many other compounds to form. Recent 
work found numerous compounds in surface runoff and mobilized from ashes after wildland fires (Ferrer 
et al., 2021; Thurman et al., 2020). For example, researchers measured benzene polycarboxylic acids in 
both simulations of soil combustion and surface runoff samples (Thurman et al., 2020). The combustion 
reactions described in Chapter 3, and the emission factors measured for a wide range of organic 
compounds in gas-phase emissions, suggest that some of the compounds formed can partition to water or 
deposit downstream. Recent work also measured other compounds, in addition to benzene polycarboxylic 
acids, from ashes and runoff samples collected at different fires (Ferrer et al., 2021). Table 5-2 shows 
some of the chemical structures recently measured in runoff from wildland fires.  

Although not every chemical structure is potentially toxic at the levels expected in water (at or 
below ppb levels), these results indicate that more work is needed on organic compounds in surface 
waters after fires, with an emphasis on fires at the WUI. Many other compounds will probably be found in 
surface streams near fires. Figure 5-2 is a total ion chromatogram showing the analysis of one aqueous 
sample collected in Colorado after a wildland fire. Over 200 molecular structures are observed that have 
expected concentrations above 0.3 ppb. Additional work to better understand the extent of potential 
contamination is needed; to better assess potential health impacts, researchers need information on the 
presence of compounds, their concentrations, and their dynamics. 

 
Finding: VOCs have been found in distribution systems in two incidents related to WUI fires in 
California, and other chemicals have been identified in water systems after wildland fires. 
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Research need: Research is needed to further characterize potential chemical contamination to 
water resources (both surface waters and distribution systems) from WUI fires, and to better 
understand the formation pathways. 

 
 
TABLE 5-2 Identifications of Compound Classes Found in Ash Leachates and Water Samples from 
Wildland Fires 

Compound Chemical Structure 

Quinoline monocarboxylic acids 

N

COOH

 

Quinoline dicarboxylic acids 

N

COOH

COOH  

Naphthoic acid 
 

COOH

 

Naphthalene dicarboxylic acids 

COOH
COOH

 

Naphthalene tricarboxylic acids 

COOH

COOH

COOH

 

Benzofuran monocarboxylates 

O

COOH  
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Benzofuran dicarboxylates 

O

COOH

COOH

 

Benzofuran tricarboxylates 

O

COOH

COOH

COOH

 
SOURCE: Adapted from Ferrer et al. (2021). 
 
 

 

FIGURE 5-2 Total ion chromatogram of aqueous leachate of an ash sample from Cold Springs, collected 
in Nederland, Colorado. Although over 200 molecular species were detected, only 14 compounds were 
identified with standards using accurate mass fragmentation with liquid-chromatography quadrupole 
time-of-flight tandem mass spectrometry. This unpublished data illustrates the complexity of these types 
of samples and the need for non-targeted analyses to fully characterize them. SOURCE: Figure courtesy 
of Thurman and Ferrer, University of Colorado Boulder. 
 
 

Metals and Other Organic Contaminants  
 

Inorganic species can also be mobilized after fires. For example, many studies show the impact of 
fires on the mobilization of mercury and other metals after wildland fires (Kelly et al., 2006; Caldwell et 
al., 2000). In these cases, mercury mobilization can yield elevated levels of methylmercury, which 
presents a concern in water bodies. Studies have also measured different levels of metals and PAHs in 
runoff from wildland fires. For example, Stein and coworkers measured elevated concentrations of 
copper, lead, zinc, and PAHs in runoff after a wildland fire, compared to control sites (Stein et al., 2012). 
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Other reports, as summarized in the review by Smith and coworkers, also indicate substantial 
mobilization of metals after wildland fires (Smith et al., 2011). Again, most of the published work regards 
wildland fires.  

One source of important information regarding potential contamination from the combustion of 
urban materials comes from several reports commissioned by the State of California after fires. Although 
these reports are not peer reviewed, they were conducted following established methods, and the analysis 
of the samples was conducted using EPA methodologies in certified laboratories. 

One of these reports characterized ash samples collected after the 2018 Camp Fire. It provides 
evidence of the potential for WUI fires to contaminate surface waters (TetraTech Inc., 2019). This study 
sampled 41 residential sites for a total of 150 individual samples of ash. Of these 41 sites, 37 sites had at 
least one metal above the screening level. The study identified a total of eight metals over the appropriate 
screening level, including antimony, arsenic, cobalt, copper, lead, nickel, and zinc. This report did not 
assess potential contamination in nearby source waters, although it is expected that these metals will 
partition into water. Given the content of modern homes and vehicles, it is reasonable to expect that ash 
will have metal contents that could result in contamination to both source waters and distribution systems. 

Other similar reports, including those from fires in 2007 and 2015 in California, also confirm the 
presence of metal and PAHs in ash collected from urban settings. For example, ash samples collected 
from fires that impacted Southern California in 2007 (the Slide Fire in San Bernardino County and the 
Witch Creek Fire in San Diego County) showed elevated levels of arsenic, cadmium, copper, lead, and 
other metals, as well as PAHs including benzo[a]anthracene and naphthalene (Geosyntec Consultants, 
2007). Dioxins have also been detected in runoff from burned wildland areas, although at low 
concentrations (no data is available from WUI fires; Gallaher and Koch, 2004). 

 
Finding: Significant levels of metals were measured in ash samples collected from WUI fire 
incidents in California. 
 
Research need: Research is needed to further characterize the potential for chemical 
contamination stemming from ash mobilization into both soil and water after WUI fires.  
 
Although numerous studies characterize gas-phase emissions from the combustion of both urban 

materials and biomass (as summarized in Chapter 3), limited information exists on the potential 
mobilization of contaminants to water. Current work is largely observational, and conclusions are hard to 
generalize. Even though benzene was measured in both distribution systems and combustion studies with 
pipes, the main contamination mechanism is not clear. It is also not clear whether other compounds are 
present, even though studies from wildland fires suggest that many types of compounds could be present.  
 

Fire Retardants 
 

Potential contamination of surface waters and groundwaters by firefighting chemicals is also a 
concern. Fire suppressants are widely used in areas of active wildfires. The US Forest Service evaluates 
chemical products used in wildland firefighting activities for toxicological impacts and risks to human 
health (USFS, n.d.). Two major types of chemicals are commonly used: long-term retardants and foams 
(including Class A foam suppressants and water enhancers). Long-term fire retardants are used to 
decrease fire intensity and slow fire spread, and can be used preemptively ahead of an approaching fire. 

Typical fire suppressants used for wildland and WUI fires are the Class A suppressants. Class A 
fire suppressants contain foaming and wetting agents. Perhaps the most common fire suppressant is Phos-
Chek, which has been deployed by planes combating wildland fires. These Class A foams contain mostly 
inorganic salts (including ammonium, phosphates, and sulfates), in addition to other ingredients. 
Furthermore, as part of the application protocols, these suppressants are applied away from streams, 
although the substances could potentially reach streams. As such, limited impacts of these compounds are 
expected to surface waters. Mobilization of organic salts has the potential to result in eutrophication and 
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changes to trophic levels (Angeler et al., 2005; Angeler and Moreno, 2006). But limited impacts to human 
health are expected since water enhancers or gels, composed of polymers and hydrocarbons, are used 
(Carratt et al., 2017).  

Class A fire suppressants do not contain perfluorinated compounds, but Class B suppressants do. 
These substances, commonly known as PFASs, can cause adverse health effects. A significant number of 
cases of groundwater contamination with PFASs have been reported in different locations, including near 
sites where firefighting training occurs and the use of aqueous film–forming foams is documented. Class 
B fire suppressants could raise serious issues for CWSs in the aftermath of their use. For example, an 
incident in Galveston Bay in 2019 at a petrochemical plant resulted in significant contamination of water 
around the site (Nolen et al., 2022). Class B foams, which may contain fluorinated surfactants, have been 
used for liquid fuel fires but are not included in the US Forest Service Wildland Fire Chemical Systems 
program and are unlikely to be used in a wildland fire situation, or for residential structures in a WUI fire. 

Long-term fire suppressants are composed of some form of ammonium phosphate 
(monoammonium phosphate, diammonium phosphate, or ammonium polyphosphate), often mixed with 
dyes, wetting agents, anticorrosive agents, or other performance additives. Recently, durable, long-term 
ammonium polyphosphate fire retardants have been marketed for preventative application in areas prone 
to wildland fires, including WUI areas (Perimeter Solutions, 2022). Widespread use of preventative fire 
retardants may occur in areas not imminently threatened by wildland fire, which might change the 
chemicals of concern involved in a WUI fire, as well as the fire behavior in high-risk WUI areas. 
Furthermore, given that the chemical composition of these products is largely proprietary, it is difficult to 
determine what, if any, chemicals of concern these fire-suppression products contain. 
 

IMPACTS TO GROUNDWATER AND SOIL CONTAMINATION 
 

The impact of WUI fires on groundwater supplies needs to be considered. Mansilha and 
coworkers reported PAH contamination in groundwaters after a wildland fire (Mansilha et al., 2014). In 
their study, the total sum of PAHs in burned areas ranged from 23.1 to 95.1 ppt, about six times higher 
than for control samples. Once again, a dearth of information exists regarding groundwater contamination 
after a WUI fire, and environmental measurements need to be conducted to guide the research. 

Soil contamination is also possible after a wildfire. As with water contamination, published data 
on soil contamination directly related to WUI fires is scarce. The literature on wildland fires and soil 
contamination includes examples of contamination due to different organic and inorganic compounds, 
such as PAHs and metals. As an example, García-Falcón et al. (2006) showed elevated levels of PAHs 
after wildland fires. More recently, Chen et al. (2018) investigated the levels of PAHs in soils and ash 
after fires. Recently, a metadata analysis of published PAH data in soils after wildland fires presented 
several conclusions, including how wildland fires increase PAH concentrations by approximately 205 
percent compared to unburned soils (Yang et al., 2022). The same report demonstrated how the 
significant increase in PAHs overall in soils impacted by wildland fires corresponded to only a 73 percent 
increase in toxicity equivalence, mostly due to the production of low-molecular-weight PAHs. Finally, the 
study showed that the increase in PAH content was mostly observed in ash and topsoils, and that mild-
intensity fires created higher PAH concentrations compared to both moderate and high-intensity events.  

 Once again, limited information exists regarding the expected levels of soil contamination after a 
WUI fire, though it is expected that a wide range of these organic compounds can be found.  

Regarding fluorinated compounds, substantial evidence indicates widespread PFAS 
contamination in soils near sites where these compounds are used. These sites tend to be near firefighting 
training facilities, where aqueous film–forming foams are used for practice; or in cases where Class B 
foams were used for liquid fuel fires, such as at the petrochemical plant in Galveston Bay in 2019. 
Aqueous film–forming foam contamination results in mobilization to soils (Maizel et al., 2021). 

As mentioned in the previous section on water quality, the State of California sponsored testing of 
ash in soils after the Camp Fire in 2018 (TetraTech Inc., 2019) and found numerous contaminants in soil . 
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In addition, other chemicals are expected to be found in soils, although information is scarce regarding 
WUI fires. The studies from large-scale fire incidents also apply to soil contamination. 
 

IMPACTS OF ATMOSPHERIC WET AND DRY DEPOSITION 
 

Atmospheric deposition is a major contributor of nutrients (e.g., reactive nitrogen), acidic species 
(e.g., acidic sulfate, nitric acid, hydrochloric acid, acetic acid, formic acid), and toxicants (e.g., PAHs, 
mercury, chlorinated organics, PFASs) to soils, lakes, estuaries, and the remote ocean (Wright et al., 
2018; Clark et al., 2018; Leister and Baker, 1994; Wiener et al., 2006; McVeety and Hites, 1988; Valiela 
et al., 2018; Degrendele et al., 2020; Young et al., 2007; Shimizu et al., 2021). The largest fluxes to 
terrestrial and aquatic bodies occur close to the source. However, atmospheric deposition can 
substantially impact ecological systems in remote locations as well, including pristine systems (e.g., 
alpine lakes and the arctic; Wright et al., 2018). 

Deposition mechanisms (and chemical mechanisms) are different for gases and airborne particles, 
and thus the partitioning of a species between the gas and particle phases has a substantial impact on the 
species’s atmospheric lifetime and the geographic distribution of the deposited species (Wania et al., 
1998). Scavenging by precipitation (wet deposition) and gravitational settling (dry deposition) generally 
limits the atmospheric transport of particle-phase species to several thousands of miles (1–2 weeks of 
transport; NASA EO, 2017), but when particles are lofted into the upper troposphere, as often happens 
with wildland and WUI fires, interhemispheric transport can occur (Stohl et al., 2002; NASA EO, 2017). 
Wet deposition of gas-phase species occurs via precipitation after in-cloud or below-cloud scavenging, 
and can be an effective deposition mechanism for water-soluble gas-phase species (e.g., acid gases). Dry 
deposition via diffusion of vapors to terrestrial and aquatic surfaces (Wesley and Hicks, 2000) is also an 
important mechanism for many volatile species (Totten et al., 2006; Pan et al., 2012). VOCs and semi-
VOCs with low atmospheric reactivities can be transported globally. 

Wildland fires have been identified as a substantial contributor to the atmospheric deposition of 
some species. They are the largest contributor to the dry deposition of reactive nitrogen (ammonia and 
nitrogen dioxide), which is a nutrient for plant growth and a contributor to eutrophication. For example, 
Kharol et al. (2018) estimated deposition fluxes of 1.35 Tg of reactive nitrogen over the United States 
during the 2013 fire season, two to three times larger than deposition from other sources. Tang et al. 
(2021) argue that the anomalously widespread phytoplankton blooms from December 2019 to March 
2020 in the iron-limited Southern Ocean resulted from atmospheric iron deposition from Australian 
wildland fires. Wildland fires are one of many contributors to mercury deposition, contributing about 10 
percent (15 Mg/year) of the annual atmospheric flux of mercury to the Arctic (Kumar and Wu, 2019). 
Although wildland fires clearly contribute to PAH deposition, an increase in the PAH flux from wildland 
fires can be hard to discern, given the abundance of other anthropogenic sources (e.g., downwind of the 
2016 Fort McMurray Fire in the oil sands region of Canada; Zhang et al., 2022). In cases like this where 
multiple sources exist, receptor modeling techniques that make use of differences between sources in the 
relative concentrations of many chemical tracers (source profiles; e.g., Positive Matrix Factorization) can 
be quite valuable in estimating source contributions. 

While there are studies examining the impacts of wildland fires on atmospheric deposition, a 
paucity of data exists quantifying water and soil contamination caused by wildland fire-associated 
atmospheric deposition in the near field. One example is a study that concluded atmospheric deposition 
led to a 5-fold to 60-fold increase in stream phosphorus and nitrogen levels above the background in the 
vicinity of the 1988 Red Bench Fire in Glacier National Park (Spencer et al., 2003). Atmospheric 
deposition of WUI fire toxicants, nutrients, and acidic species (e.g., metals, reactive nitrogen, HCl, 
formaldehyde, isocyanic acid, chlorinated organics, phenols) could be a significant contributor to 
downwind soil and water contamination; however, deposition fluxes from WUI fires are largely 
unknown. Identification and measurement of unique atmospheric tracers of WUI fires could help address 
this gap. 
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Finding: Data that accurately characterize the (chemical) composition and concentration of WUI 
fire emissions present in water runoff and soil are missing.  

 
Lessons Learned from Other Types of Disasters 

 
Although significant data gaps exist regarding WUI fires and water contamination, reports do 

exist on contamination in water and soil from runoff of other types of large-scale fire disasters (see Table 
5-3). These reports include the collapse of the World Trade Center and the Grenfell Tower fire in the 
United Kingdom. In these studies, as described by Guillaume (2020), the impact that any runoff has on 
the water and soil depends on a wide variety of factors, including the volume of runoff produced, the time 
of travel from the site of the fire to the receptor, and the dilution in the receiving water body. The 
chemical composition of the runoff, influenced to a great extent by the source of the fire, is probably the 
most important factor, as it may include soot, ash, and other suspended solids; the decomposition 
products of combustion of the building, storage vessels, and substances stored on site; the stored 
chemicals and their thermal-decomposition products, washed off the site by the runoff; and, if used as a 
firefighting agent, the firefighting foam. 
 
 
TABLE 5-3 Published Results on Large-Scale Fire Incidents 
Fire Incident Details (Source) Fire Emissions 

World Trade Center,  
September 2001 

The fire in and subsequent collapse of 
the World Trade Center released a 
wide range of eco-toxicants into the 
environment (Nordgrén et al., 2002) 

Analysis of the dust revealed the presence of PAHs, 
PCBs, PCDDs/PCDFs, pesticides, phthalate esters, 
heavy metals, brominated diphenyl ethers, synthetic 
vitreous fibers, and asbestos 

Buncefield, 
December 2005 

A fire occurred in an oil storage depot 
and burned for several days 
(Lönnermark, 2005) 

The groundwater under the site and up to 2 km to the 
north, east, and southeast of the site was heavily 
contaminated with hydrocarbons and firefighting 
foams 

Grenfell Tower fire, 
June 2017 

A high-rise fire broke out in the 24-
story Grenfell Tower block of flats in 
London (Stec et al., 2019) 

Analysis of soil revealed the presence of char 
fragments from building materials, PAHs, 
PCDDs/PCDFs, flame retardants, and synthetic 
vitreous fibers 

NOTE: PCB = polychlorinated biphenyl; PCDD = polychlorinated dibenzo-p-dioxin; PCDF = polychlorinated 
dibenzofuran. 
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6 
Human Exposures, Health Impacts, and Mitigation  

 
This chapter explores chemicals and other pollutants of concern for human exposure and health, 

as well as ways to reduce exposure and mitigate the impacts of wildland-urban interface (WUI) fires. It 
addresses all relevant distance scales, from the immediate fire zone, where emergency responders such as 
firefighters experience direct exposure to heat and high concentrations of fire emissions, to the regional 
and continental levels, where WUI fire smoke can have an extended impact. The committee has noted 
where WUI-specific information is available; however, such information is scarce. Therefore, much of the 
discussion presented in this chapter draws on studies from wildland fires. It is important to note, however, 
that this chapter is not a comprehensive review of the overall health effects of wildland fire smoke.  

This chapter begins by identifying chemicals and other pollutants of concern for human exposure 
and describing populations who may be more vulnerable to the impacts of WUI fires, and those who 
experience environmental injustice and health inequities. The next section describes what is known about 
routes of exposure, followed by a discussion of the acute and chronic health impacts for all near- and far-
field populations, with a dedicated section on exposures and impacts for firefighters. The last section 
explores ways to reduce exposure to WUI fire pollutants, as well as specific interventions for firefighters 
and affected communities.  

Box 6-1 defines key terms that are used throughout this chapter.  
 
 

BOX 6-1 Key Terminology 
 

Spatial Scales 
 

Near-field scale: From 1 to 10 km downwind of the fire, where the plume remains quite concentrated, dilution 
has a major effect on the gas-particle partitioning, and chemistry is driven by fast processes that occur on a 
timescale of minutes 
 
Local scale: From 10 to 100 km, where chemistry is driven by processes that occur on a timescale of minutes to 
hours 
 
Regional scale: From 100 to 1,000 km, where chemistry is driven by processes that occur on a timescale of hours 
to days 
 
Continental scale: Greater than 1,000 km, where chemistry is driven by processes that occur over days 
 

Terms and Definitions 
 
Acute exposure: Contact with a substance that occurs once or for only a short time (acute exposure can occur for 
up to 14 days) compared with intermediate duration exposure and chronic exposure 
 
Acute health effect: A health effect that develops immediately or within minutes, hours, or even days after an 
exposure 
 
Bioavailability: The potential for uptake (ability to be absorbed and used by the body) of a substance by a living 
organism; it is usually expressed as the fraction that can be taken up by the organism in relation to the total 
amount available 
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Chronic exposure: Continuous or repeated contact with a toxic substance over a long period of time (months or 
years) 
 
Chronic health effect: An adverse health effect resulting from long-term exposure to a substance; examples 
could include diabetes, bronchitis, cancer, or any other long-term medical condition 
 
Coarse particulate matter (PM10): Inhalable particles with diameters equal to or less than 10 micrometers in 
diameter 
 
Environmental justice: A social movement developed in response to environmental racism; environmental 
justice research and practice involves identifying the disproportionate health burdens that populations experience 
from environmental exposures and social vulnerabilities, and focusing on solutions to alleviate those burdens in 
partnership with affected communities 
 
Fine particulate matter (PM2.5): Airborne particles with diameters of 2.5 micrometers or less, small enough to 
enter the lungs and bloodstream, posing risks to human health 
 
Health equity: Identifying health disparities between populations that are driven largely by social, economic, and 
environmental factors, and focusing on solutions to eliminate those disparities 
 
Particulate matter (PM): A complex mixture of solid particles and liquid droplets found in the air 
 
Pollutant: A chemical or biological substance that harms water, air, or land quality 
 
Semi-volatile organic compounds (SVOCs): Organic compounds that, based on their vapor pressure, tend to 
evaporate from the particle phase with near-field dilution of plumes; SVOCs are of concern because of their 
abundance in the indoor environment and their ability to accumulate and persist in the human body, the 
infrastructure of buildings, and environmental dust 
 
Structural racism: The totality of ways in which societies foster racial discrimination through mutually 
reinforcing systems of housing, education, employment, earnings, benefits, credit, media, health care, and 
criminal justice; these patterns and practices in turn reinforce discriminatory beliefs, values, and the distribution 
of resources a 
 
Toxicant: Any chemical that can injure or kill humans, animals, or plants (depending on the magnitude and 
duration of exposure); a poison 
 
Toxic: Related to harmful effects on the body by either inhalation (breathing), ingestion (eating), or dermal 
absorption of the chemical 
 
Ultrafine particles: Particles with a diameter less than or equal to 0.1 micrometers 
 
Volatile organic compounds (VOCs): Organic compounds with vapor pressures high enough to exist in the 
atmosphere primarily in the gas phase, typically excluding methane; VOCs can easily become airborne for 
inhalation exposure 
 
Vulnerable populations: Individuals or communities at higher risk of adverse health effects from exposures, 
such as from greater pollutant exposure concentrations, higher health response to a given level of exposure, or 
reduced capacity to adapt 
 
a Bailey, Zinzi D., Nancy Krieger, Madina Agénor, Jasmine Graves, Natalia Linos, and Mary T. Bassett. 2017. 
“Structural Racism and Health Inequities in the USA: Evidence and Interventions.” Lancet 389 (10077): 1453–
1463. https://doi.org/10.1016/S0140-6736(17)30569-X. 
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CHEMICALS OF CONCERN FOR HUMAN EXPOSURE 
 

Wildland fires are major sources of organic and inorganic gases and aerosols containing ultrafine 
particles (0.1 µm or less), fine particulate matter (PM2.5), and course particulate matter (PM10; EPA, 
2021e). Specific composition is dependent on the fire fuel sources, direct emissions, secondary chemical 
and physical processes, ventilation, and meteorological conditions. A complex mixture of emission gases 
is present and can include greenhouse gases such as carbon dioxide (CO2) and methane (CH4); 
photochemically reactive substances such as as nitrogen oxides (NOx), carbon monoxide (CO), and 
volatile organic compounds (VOCs); and PM of various diameters. These emissions all contribute to 
available air pollution that can be detrimental to human health and ecosystems. Specific studies of fire-
generated smoke have identified numerous hazardous substances including VOCs and semi-VOCs 
(SVOCs) like benzene, dioxins, furans, flame retardants, plasticizers, polycyclic aromatic hydrocarbons 
(PAHs), and polychlorinated biphenyls (PCBs), as well as carbon monoxide (CO), hydrogen cyanide 
(HCN), hydrogen chloride (HCl), nitrogen oxides (NOx), sulfur oxides (SOx), and heavy metals 
(California Air Resources Board, 2021b). Many of these substances represent known or probable 
carcinogens, irritants, respiratory sensitizers, or reproductive and developmental toxicants with linkages 
to cardiovascular impacts and neurological impairments (IARC, 2010). Smoke from WUI and wildland 
fires consists of complex mixtures of the aforementioned toxicants, which have the potential to interact 
with each other to modify the toxicity of single compounds (Zeliger, 2003). However, analysis of mixture 
toxicity and health effects is complicated. Thus, assessing the toxicity of individual constituents is most 
often used to predict the toxicity of the mixture. Table 6-1 summarizes some examples of key pollutants 
recognized in fire events along with general health impacts and common routes of exposure. 
 

Research need: A need exists to pioritize WUI-related chemicals of concern, their exposure 
potentials, and their human health risks, with consideration of vulnerable populations, so that 
mitigation strategies can be developed.  

 
VULNERABLE POPULATIONS, HEALTH EQUITY, AND ENVIRONMENTAL JUSTICE 

 
Health is a product of multiple determinants. Social, economic, environmental, and structural 

factors and their unequal distribution matter more than health care in shaping health disparities (NASEM, 
2017). To characterize what is known about human exposure, health impacts, and mitigation strategies for 
WUI fires, the committee examined individual and structural factors that may affect human health. For 
the purpose of this report, vulnerable populations are defined as individuals or communities at higher risk 
of adverse health effects from exposures, such as from greater pollutant exposure concentrations, higher 
health response to a given level of exposure, or reduced capacity to adapt, including lack of information 
or resources for personal mitigative strategies to reduce exposure. Another vulnerability is inequity in 
access to information, such as inequity based on the location of air pollution monitoring networks (Sun et 
al., 2022), which could result in a differential exposure misclassification that is propagated through 
human health studies. 

A growing number of studies have shown that human health vulnerability to wildland fires can be 
influenced by several factors such as those related to life stage, location (e.g., at the WUI), socioeconomic 
status, race/ethnicity, occupation (e.g., outdoor workers), and underlying health conditions (Rudolph et 
al., 2018; Burke et al., 2021; Davies et al., 2018; Chan et al., 2013). The studies differ in their approaches, 
especially the methods to assess where and when fire exposures occur, such as for air pollution, and 
results are not perfectly consistent. For example, a study of wildland fire smoke in Alaska that examined 
the effects of wildland fire-associated PM2.5 on the general population and different subpopulations to 
assess vulnerability found that exposure to wildland fire-associated PM2.5 varied between specific Alaskan 
Native tribes, with the greatest effect levels seen for the Alaskan Athabascan tribe (Woo et al., 2020).  
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TABLE 6-1 Examples of Chemical Pollutants Related to WUI Fire Events and Human Exposures 

Group of Pollutants Common Examples 
Routes of 
Exposure Potential Health Outcomes Selected References 

Asbestos Fibrous asbestos, chrysotile Inhalation 
Ingestion 

Cancer; asbestosis; respiratory irritation; 
pleural disease 

EPA, 2021a; ATSDR, 2016 

Asphyxiant gases Carbon monoxide (CO), carbon dioxide (CO2), 
hydrogen cyanide (HCN) 

Inhalation Depression of central nervous system and 
hypoxia; acute respiratory effects. 

NIOSH, 2011; Gold and Perera, 2021 

Dioxins and furans 
(polychlorinated 
dibenzo dioxins 
[PCDDs] and 
polychlorinated 
dibenzofurans 
[PCDFs]) 

2,3,7,8-Tetrachloro-dibenzo-p-dioxin/furan Inhalation 
Ingestion 
Dermal (low 
penetration into 
skin by itself, but 
can cause skin 
lesions) 

Cancer or predisposition to cancer; 
reproductive and developmental effects; 
immune suppression; dermal toxicity; 
endocrine disruption 

CDC, 2017; EPA, 2021b 

Flame retardants Tris(1-chloro-2-propyl) phosphate (TCPP), tris(2-
chloroethyl) phosphate (TCEP), tris isobutylated 
triphenyl phosphate, methyl phenyl phosphate 

Inhalation 
Ingestion 

Neurotoxicity or neurodevelopmental 
damage; reproduction and fetal 
development effects; endocrine and 
thyroid disruption 

ATSDR, 2015; NIEHS, 2021a 

Inorganic acid 
gases 

Hydrogen chloride (HCl), 
hydrogen fluoride (HF), phosphoric acid, SOx, 
NOx 

Inhalation Chemical burns; increased risk of 
laryngeal and lung cancer 

ATSDR, 2002; NCI, 2019  

Inorganic and 
organic metals 

Lead, lithium, iron, mercury, methylmercury, 
nickel, cadmium, palladium chloride 

Inhalation 
Ingestion 
Dermal 

Neurotoxicity; reproductive and 
developmental effects, dermal irritation or 
allergen; respiratory irritation  

Goyer, 2004; NIOSH, 2019a  

Isocyanates Methyl isocyanate, methylene diphenyl 
diisocyanate, toluene diisocyanate 

Inhalation Irritation and pulmonary sensitivity ATSDR, 2014a; NIOSH, 2014  

Organic and other 
gases 

Phosgene (COCl2), ammonia (NH3) Inhalation Acute effects; pulmonary edema and 
irritation 

EPA, 2021c; CDC, 2018  

Ozone (O3)  Inhalation Acute and chronic respiratory symptoms 
including coughing and exacerbation of 
chronic diseases such as bronchitis and 
asthma; increased risk of pulmonary 
infections 

NEPHT, 2020  

Particulate matter 
(PM) 

PM is often classified by size, where the size is 
based on the aerodynamic diameter in 
micrometers (e.g., PM2.5); smaller particles 
penetrate deeper into the respiratory system 

Inhalation 
Ingestion 
Dermal 

Cancer; cardiopulmonary toxicant; 
immunosuppressant; neurotoxicant; 
reproductive and developmental toxicity 

EPA, 2021d; CDC, 2019  

continued 
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TABLE 6-1 continued 
GROUP OF 
POLLUTANTS COMMON EXAMPLES 

ROUTES OF 
EXPOSURE POTENTIAL HEALTH OUTCOMES SELECTED REFERENCES 

Plasticizers Ortho phthalates including dibutyl phthalate, 
terephthalates, adipates, benzoates 

Inhalation 
Ingestion 

Endocrine disruptors; reproductive and 
developmental toxicity 

EPA, 2022a; CDC, 2021  

Polycyclic aromatic 
hydrocarbons 
(PAHs) 

Benzo[a]pyrene, benzo[a]anthracene, 
benzo[b]fluoranthene, chrysene, pyrene, 
fluoranthene, naphthalene, anthracene 

Inhalation 
Ingestion 
Dermal 

Cancer; reproductive and developmental 
(teratogenic) toxicity; kidney and liver 
damage 

CDC, 2022; ATSDR, 2014b 

Polychlorinated 
biphenyls (PCBs) 

2-Chlorobiphenyl, 2,2-dichlorobiphenyl, 2,4,5-
trichlorobiphenyl; PCBs typically occur as a 
mixture of PCB congeners (i.e., aroclors) 

Inhalation 
Ingestion 
Dermal 

Cancer; neurotoxicity; immune 
suppression; endocrine disruption; 
reproductive and developmental toxicity; 
respiratory toxicity 

ATSDR, 2000; Ahlborg et al., 1992 
 

Volatile organic 
compounds (VOCs) 

Formaldehyde, acetaldehyde, acrolein, benzene, 
toluene, ethylbenzene, para-xylene, ortho-xylene, 
meta-xylene, styrene, naphthalene; complex 
mixtures of VOCs are classified as total VOCs, 
and some are not toxic 

Inhalation 
Ingestion 

Cancer; reproductive and developmental 
toxicity; neurotoxicity; respiratory 
irritation; odorants 

EPA, 2021c  

Other emission and 
transformation 
products that are 
currently 
unidentified 

Per- or polyfluoroalkyl substances (PFASs), 
including perfluorooctane sulfate and 
perfluorooctanoic acid 
 
Reactive oxygen species, including peroxides (R-
O-O-R) and superoxides (O2

–) 

Inhalation 
Ingestion 

Cancer; respiratory and developmental 
toxicity 

NTP, 2016  

NOTE: Table 6-1 focuses on groups of chemicals with sound available data. The lists are meant as common examples and not meant to be exhaustive. A wide 
range of VOCs and SVOCs may be present including amines, amides, nitrosamines, trihalomethanes, glycols, and ethers. 
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In another study, however, PM2.5 from wildland fire smoke was found to be at higher levels for non-
Hispanic whites (Burke et al., 2021). The authors noted that actual differential health impacts were 
affected by social determinants other than exposure, such as those factors briefly described later in this 
section. Collectively, studies indicate that some populations may suffer a higher risk of related health 
outcomes from wildland fires, which is consistent with the broader research on environmental justice and 
health equity.  

A growing number of studies have shown that human health vulnerability to wildland fires can be 
influenced by several factors such as those related to life stage, location (e.g., at the WUI), socioeconomic 
status, race/ethnicity, occupation (e.g., outdoor workers), and underlying health conditions (Rudolph et 
al., 2018; Burke et al., 2021; Davies et al., 2018; Chan et al., 2013). The studies differ in their approaches, 
especially the methods to assess where and when fire exposures occur, such as for air pollution, and 
results are not perfectly consistent. For example, a study of wildland fire smoke in Alaska that examined 
the effects of wildland fire-associated PM2.5 on the general population and different subpopulations to 
assess vulnerability found that exposure to wildland fire-associated PM2.5 varied between specific Alaskan 
Native tribes, with the greatest effect levels seen for the Alaskan Athabascan tribe (Woo et al., 2020). In 
another study, however, PM2.5 from wildland fire smoke was found to be at higher levels for non-
Hispanic whites (Burke et al., 2021). The authors noted that actual differential health impacts were 
affected by social determinants other than exposure, such as those factors briefly described later in this 
section. Collectively, studies indicate that some populations may suffer a higher risk of related health 
outcomes from wildland fires, which is consistent with the broader research on environmental justice and 
health equity.  

At a population level, health disparities (or health inequities) arise from root causes that could be 
organized in two clusters: (1) intrapersonal, interpersonal, institutional, and systemic mechanisms 
(sometimes called structural inequities) that organize the distribution of power and resources differentially 
across lines of race, gender, class, sexual orientation, gender expression, and other dimensions of 
individual and group identity; and (2) the unequal allocation of power and resources—including goods, 
services, and societal attention—which manifests itself in unequal social, economic, and environmental 
conditions, also called the determinants of health.  

Health inequities are largely a result of poverty, structural racism, and discrimination (NASEM, 
2017). Structural racism refers to the “totality of ways in which societies foster racial discrimination 
through mutually reinforcing systems of housing, education, employment, earnings, benefits, credit, 
media, health care, and criminal justice. These patterns and practices in turn reinforce discriminatory 
beliefs, values, and the distribution of resources” (Bailey et al., 2017, p. 1453). Additionally, structural 
intersectionality highlights that individual life chances are shaped not by a single status hierarchy but by 
multiple overlapping systems of oppression such as racism, sexism, and classism (Homan et al., 2021; 
Hardeman et al., 2022). 

The reasons for greater vulnerability for some conditions are multifaceted and based on both 
historical and current social, cultural, and political factors, including structural racism. As a few 
examples, baseline health status, nutrition and diet, access to quality health care including language-
appropriate providers, occupational opportunities, and ability to adapt (e.g., move residence) can impact 
one’s health response to environmental conditions. This health response includes not only the more 
commonly studied physical responses such as respiratory symptoms, but also mental health and well-
being impacts that come from such stressors. For instance, building envelope airtightness affects how well 
ambient air, including smoke, can penetrate indoors, which can result in differential impacts for those in 
lower-income housing (Chan et al., 2013). Additionally, low-income housing units are less likely to have 
adequate cooling systems to allow them to keep windows closed during the summer heat when wildland 
fires and WUI fires are typically occurring (US Department of Health and Human Services, 2018). They 
also may not be able to afford to purchase home air cleaners for particle and chemical filtration. The 
nonprofit Resources for the Future reported that projects to reduce risk to wildland fires are 
disproportionately located in communities of higher socioeconomic status, of higher education, and with a 
higher proportion of white residents (Anderson et al., 2020). 
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Table 6-2 describes vulnerable populations affected by WUI fires. Note that adults may face 
additional exposure based on occupation and may experience multiple aspects of vulnerability. 
Environmental injustice in the workplace occurs as disproportionate exposure to occupational hazards and 
as vulnerable populations disproportionately working at high-risk jobs, such as wildland firefighting, 
emergency response, and environmental remediation. 
 

Finding: Vulnerable populations may exhibit a higher risk of adverse health response and 
exacerbation of ongoing disease, particularly asthma and pulmonary disorders, as a result of WUI 
smoke exposure. 
 
Research need: More studies are needed on exposure and potential health effects of WUI fires 
on children and other vulnerable groups. 

 
ROUTES OF EXPOSURE 

 
Human exposure to smoke emissions is possible at all spatial scales away from WUI fires (Figure 

6-1). As depicted in the figure, the subpopulations that are exposed and the most important pathways and 
routes of exposure vary across the different WUI zones.  
 

 

FIGURE 6-1 Potential exposure pathways to WUI fire pollutants. 
 

The environmental matrices of immediate concern for health effects of exposure to emissions 
from a WUI fire to persons in the immediate (<1 km) and near-field (1–10 km) regions include the 
following: 
 

● Outdoor air contaminated directly from smoke emissions associated with combusted fuels 
● Indoor air contaminated via infiltration from outdoors 
● Indoor surfaces contaminated by deposition of airborne particulates 
● Soil contaminated via ash residue from combusted fuel or deposition from airborne emissions 
● Surface water contaminated from ash and aerosol deposition, runoff from contaminated soils, and 

increased runoff due to reduced land cover 
● Drinking water 
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TABLE 6-2 Vulnerable Populations at the WUI 

Vulnerable Population 
Example Pathways to Vulnerability (vulnerability includes increased exposure, inability to 
adapt, and health response) Selected References 

Community- or Life Stage–Based Vulnerability 

Children ● Higher respiratory rate and more water ingested per body weight than adults (e.g., babies 
take a breath 40 times per minute compared to 12–20 times per minute for adults) 

● More time spent outdoors 
● Developing organs and immature immune response 
● Inability to discern risks 

Sacks et al., 2011; Vanos, 2015; 
Perera, 2008; Revi et al., 2014 

Older Adults ● Preexisting conditions 
● Limited mobility 
● Compromised immune response 
● Social isolation 

Rudolph et al., 2018; EPA, 
2019; Liu et al., 2017 

Pregnant People ● Physiological changes (e.g., higher respiratory rates, increase in blood and lung volumes) EPA, 2009 

People with Respiratory and 
Cardiovascular Disease 

● Fine particle pollution further exacerbates disease and triggers symptoms Wettstein et al., 2018; DeFlorio-
Barker et al., 2019;  

Tribal Communities ● Structural racism 
● Disproportionate health burdens from environmental conditions 
● Existing health disparities 
● Less access to resources by tribal governments 

Rudolph et al., 2018; Woo et al., 
2020 

Communities of Color, and 
Immigrant, Migrant, and Refugee 
Communities 

● Structural racism 
● Disproportionate health burdens from environmental conditions 
● Existing health disparities (e.g., higher burden of asthma and cardiovascular disease) 
● Less access to resources (e.g., quality health care) 
● Barriers to receiving language- and culturally appropriate care 

Rudolph et al., 2018; Brim et 
al., 2008; Fussell et al., 2018; 
Davies et al., 2018; Liu et al., 
2017 

Low-Income Communities ● Fewer resources and means to evacuate 
● Less access to indoor spaces with air cleaners and air cooling 
● Higher burden of asthma and cardiovascular disease 
● Existing health disparities 
● Lack of safety nets for missing work 

Rudolph et al., 2018; Reid et al., 
2016a; Brim et al., 2008 

Rural Communities ● Less municipal infrastructure, including access to drinking water and safe spaces 
● Lack of extensive evacuation routes 
● Fewer environmental monitoring units available 
● Less access to indoor spaces with air cleaners and cooling 
● Existing health disparities 

Rudolph et al., 2018 
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TABLE 6-2 continued 

Vulnerable Population 
Example Pathways to Vulnerability (vulnerability includes increased exposure, inability to 
adapt, and health response) Selected References 

Unhoused/Homeless Communities ● Lack of access to multiple basic resources  
● Existing health disparities 

Rudolph et al., 2018 

People with One or More 
Disabilities 

● Fewer resources and less means to evacuate 
● Inadequate community infrastructure 
● Less mobility and ability to assess risks 

Rudolph et al., 2018 

Occupation-Based Vulnerability 

Wildland Firefighters and 
Emergency Responders (e.g., 
Emergency Health Care 
Personnel) 

● Lack of personal protective equipment during firefighting 
● Live and/or work in active fire zone 
● Some states use incarcerated populations for firefighting (already considered vulnerable) 
● Increased duration of exposure and elevated concentrations of smoke-associated chemicals 

and particles 
● Post-traumatic stress 

Rothman et al., 1991; Fent et al., 
2017; Navarro et al., 2019 

Outdoor Workers (e.g., 
Farmworkers, Construction 
Workers, Utility Workers) 

● Increased exposure to outdoor wildland and WUI fire smoke and other potential 
occupational exposures (e.g., pesticides) 

● Outdoor physical exertion increases respiratory exchange 

Austin et al., 2021 

Environmental Remediation 
Workers (e.g., Hazardous and 
Solid Waste Removal) 

● First to reenter fire zone 
● Direct contact with chemical hazards  
● Increased exposure to lingering wildland and WUI fire smoke 

EPA, 2019; Fussell et al., 2018 

Domestic Workers and Day 
Laborers 

● May participate in ash and debris cleanup as an informal labor workforce with little or no 
personal protective equipment 

IDEPSCA, 2020 

Referenced in developing this table: 
EPA. 2021. “Which Populations Experience Greater Risks of Adverse Health Effects Resulting from Wildfire Smoke Exposure?” 

https://www.epa.gov/wildfire-smoke-course/which-populations-experience-greater-risks-adverse-health-effects-resulting. 
American Public Health Association. n.d. “Climate Changes Health: Vulnerable Populations.” https://www.apha.org/topics-and-issues/climate-

change/vulnerable-populations. 
EPA. 2019. Wildfire Smoke: A Guide for Public Health Officials. EPA-452/R-19-901. Washington, DC: EPA. 
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Air that is polluted by plume transport is the main environmental matrix of concern for 
populations in the local (10–100 km), regional (100–1,000 km), and continental (>1,000 km) zones. There 
is also potential for exposure in the local and regional zones via contact with settled dust and ash and 
contaminated surface water. However, a major difficulty in understanding the extent and the impact of 
wildland fire is the limitation of ambient monitoring networks that were designed primarily to support 
environmental regulation. The insufficiency of ambient monitoring networks is amplified for WUI fires, 
where additional chemical composition information is needed to understand exposure. As expected, the 
potential interactions of different population subgroups with the contaminated matrices and the patterns of 
exposure (i.e., intensity, frequency, and duration) will vary and be time dependent relative to the fire 
event (during vs post fire). These interactions and the potential exposure levels for possible exposure 
scenarios, when data are available, are discussed in the following subsections. 
 

Inhalation Exposures 
 

This section explores inhalation exposures in the various zones of a WUI fire. 
 
Immediate and Near-Field Inhalation Exposure 
 

Ideally, the general public is evacuated from the immediate and near-field zones during WUI 
fires; however, complete and timely evacuation is not always possible. In cases of full evacuation, 
wildland firefighters and other emergency response workers are the most likely population subgroups that 
will be exposed to air pollution from WUI fires in these zones, while the fire is burning. These firefighters 
will experience the highest exposure concentration of pollutants because of firefighting duties that involve 
protecting structures and other properties in urban areas and the consequent proximity to the emission 
source. A few individuals who do not comply with evacuation orders could also experience elevated 
exposure levels of air pollutants. 

However, data on the personal inhalation exposures of wildland firefighters and other emergency 
response workers in the immediate and near-field zones during WUI fires have yet to be reported. While 
such data could be extrapolated from that of wildland fires, burning structures could contribute to 
increased exposure concentrations and smoke components that are mostly absent in purely vegetative 
wildland fires (Fent et al., 2018; Jaffe et al., 2020). Also, wildland firefighters, unlike structural 
firefighters, routinely do not wear any respiratory protection against inhalation exposures, as there is no 
approved respirator for wildland firefighting. Moreover, they may experience repeated exposures 
annually and across their careers. 

Personal exposure monitoring of wildland firefighters suggests that the exposure concentration of 
PM2.5 at WUI fires could average hundreds to thousands of micrograms per cubic meter (µg/m3; Cherry et 
al., 2019). Currently, no regulated occupational standard exists for wildland firefighters that is relevant to 
such PM exposure, since wildland fire-generated particles have multiple reactive and toxic components. 
Relatedly, wildland firefighters are specifically excluded from the California Occupational Safety and 
Health Administration’s standard on protection of workers from wildland fire smoke when the US 
Environmental Protection Agency (EPA) Air Quality Index (AQI) for PM2.5 is equal to or higher than 151 
(PM2.5 concentration ≥ 55 µg/m3; State of California, n.d.). Nonetheless, the National Wildfire 
Coordinating Group recommends an occupational exposure limit of 750 µg/m3 for wildland firefighting, 
which is often exceeded. Moreover, smoke particles from WUI fires are likely to be enriched with metals, 
asbestos, and other fibrous particles, as well as PAHs, halogenated hydrocarbons, and pesticides, due to 
burning structures and depending on land use (Carratt et al., 2017; Kohl et al., 2018; Plumlee et al., 2007; 
Stec, 2017). Radionuclide enrichment of airborne particles is also possible if nuclear facilities are 
involved, as in the Cerro Grande, New Mexico, fire in 2000 (Eberhart, 2010). 

Personal exposure and area concentration data at wildland fires are available only for a limited 
number of gaseous contaminants, with results indicating that fireline exposure could occasionally exceed 
the Occupational Safety and Health Administration (OSHA) eight-hour permissible exposure limits of 
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100 ppb, 1 ppm, and 50 ppm for acrolein, benzene, and carbon monoxide, respectively (Reinhardt and 
Ottmar, 2004; Barboni et al., 2010; Miranda et al., 2010; Reisen and Brown, 2009). Personal exposure of 
firefighters at the fireline to benzene, a blood carcinogen, may be even more elevated at WUI fires due to 
its enrichment in smoke emissions from the combustion of non-biomass WUI fuels (structural materials, 
vehicles, and furniture), compared to wildland fires (Jaffe et al., 2020). Emissions of hydrogen cyanide, 
an asphyxiant, and respiratory irritants including hydrogen chloride, nitrogen dioxide, and sulfur dioxide 
are also enriched in smoke emitted from the combustion of non-biomass WUI fuels versus wildland fires 
(Jaffe et al., 2020). 

Direct measurement of the exposures of other emergency response workers within the immediate 
and near-field zones during fires has yet to be reported in the literature (Navarro, 2020). However, their 
inhalation exposures are expected to be less than those experienced by wildland firefighters because they 
spend less time in proximity to the fireline. The amount inhaled and effective dose of smoke constituents 
in wildland firefighters are also increased relative to other emergency responders and the public due to the 
increased breathing (ventilation) rates required during the physically exerting tasks of firefighting 
(Navarro et al., 2019).  

Area measurements of air pollutants within the near-field zone reveal possible exposures of 
individuals who do not or cannot comply with evacuation orders. PM2.5 concentrations up to an order of 
magnitude above the National Ambient Air Quality Standard of 35 µg/m3 per day, and considered 
unhealthy for the general public on the EPA AQI, were measured in this zone during the 2016 Horse 
River Fire in Alberta, Canada, and the 2018 Camp Fire in California (CARB, 2021; Wentworth et al., 
2018; Landis et al., 2018; Tam and Adams, 2019). Elevated concentrations of lead, but below the 
National Ambient Air Quality Standard of 0.15 µg/m3, were also measured during the Camp Fire. 
Exceedances of the National Ambient Air Quality Standard for the major gases (nitrogen dioxide, carbon 
monoxide, sulfur dioxide, and ozone) were not observed in area measurements in either of the 
aforementioned fires. 

Ultimately, the effective exposure of those who do not or cannot evacuate will depend on their 
activity indoors or outdoors and/or the building ventilation. Since the size of particles in combustion 
emissions is typically below 1 micrometer (Kleinman et al., 2020; Sparks and Wagner, 2021; Zauscher et 
al., 2013), the penetrability of particulates together with gaseous contaminants in smoke from the 
outdoors to the indoor airspace will be high (Xiang et al., 2021). A large portion of wildland fire smoke is 
PM with a higher proportion of ultrafine particles than typical ambient air pollution. The average PM2.5 
infiltration factor (the fraction of outdoor PM2.5 that enters and remains suspended in indoor air) during a 
period of wildland fire impact ranged between 0.33 and 0.76 for seven homes that were located hundreds 
of miles away from the fire (Xiang et al., 2021). Infiltration in the near-field zone may be even higher 
since particle size distribution tends to be smaller in freshly emitted smoke (Kleinman et al., 2020; 
Zauscher et al., 2013).  

Since reentry decisions after an evacuation are made based on monitoring, ambient air 
concentrations of fire-related pollutants are expected to be of less concern for residents returning to 
evacuated communities, as observed for the Horse River Fire (Tam and Adams, 2019). In addition, 
careful debris removal will mitigate the contribution of this removal to air pollution and the exposure of 
returning residents (DuTeaux, 2019). Nevertheless, inhalation exposure of residents and recovery 
(cleanup) workers to fire emissions can still occur due to the resuspension of fire ash and dust from 
surfaces both indoors and outdoors, and offgassing of VOCs adsorbed onto surfaces indoors. Also, 
inhalation exposure to VOCs from contaminated potable water supply networks is a possibility; elevated 
concentrations of benzene, toluene, and styrene were measured in the water supply system after the 2017 
Tubbs Fire and 2018 Camp Fire (Proctor et al., 2020). Although these are possible routes to inhalation 
exposure, the committee chose to focus on the most likely routes to inhalation exposure. 
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Regional and Continental Inhalation Exposure 
 

Farther away from the fire, the plume dilutes and ages, resulting in different inhalation exposure 
considerations from those of the near-field region. Concentrations of air pollutants can drop off rapidly 
away from the fire (O’Neill et al., 2021), but as the plume spreads, it may impact large population centers 
and thus affect a far greater number of people than in the near-field region (Koman et al., 2019). 
Numerous examples from the 2020 and 2021 fire seasons show large parts of the western United States 
experiencing sustained unhealthy air pollutant concentrations, with several days or longer of daily 
averaged PM2.5 concentrations near 150 µg/m3 (Filonchyk et al., 2022; Zhou et al., 2021). Some of these 
plumes degraded air quality thousands of kilometers downwind, as was observed on the US East Coast 
during July of 2021 (NASA EO, 2021). This long-range smoke transport makes wildland fires more than 
just a regional concern, but a national or international air quality issue (Dreessen et al., 2016). 
Additionally, local topography can lead to severe smoke episodes outside of the near-field range. Smoke 
can settle into valleys and remain trapped by smoke-induced inversions, leading to extremely high PM 
concentrations (Kochanski et al., 2019). An example of this was seen in 1999 in Northern California, 
where daily PM10 concentrations exceeded 500 µg/m3 (Mott et al., 2002). 

Measurements in aging plumes have shown that gas-phase compounds have varying atmospheric 
lifetimes, and that the species that are important drivers of health effects in the near field may not be as 
important for far-field exposures. For example, reactive compounds like acrolein rapidly decrease in 
concentration with aging, while nonreactive compounds like hydrogen cyanide can remain elevated after 
three days of aging (O’Dell et al., 2020). Particle composition also changes, with the rapid formation of 
tar balls (Adachi et al., 2019) and the oxidation of organic PM constituents (Hodshire et al., 2019) 
downwind. The fly ash in the plume will also fall out downwind of the fire, but the lifetime of ash in the 
atmosphere is not well known (Bodi et al., 2014). The extent of ash dispersion may be particularly 
important for WUI fires since toxic metals can concentrate in the ash (Alexakis, 2020). Many unknowns 
remain in the aging of smoke from WUI fires (as discussed in Chapter 4) and how those factors could 
impact the potential health effects in downwind communities. 

In addition to the changing chemistry of the plume, mitigation measures taken farther afield may 
differ from those closer to the fire. Public health messaging efforts may be limited or nonexistent in 
communities hundreds of kilometers downwind, and therefore fewer people might take mitigating 
measures to reduce potential exposure, such as staying indoors, operating heating, ventilating, and air-
conditioning (HVAC) filtration systems, or using portable air cleaners. The awareness of smoke, either 
through decreased visibility or by odor, can prompt people to take mitigating actions (Kolbe and 
Gilchrist, 2009), and the lower concentrations far away from the fire may not meet the threshold for 
public awareness. Magzamen et al. (2021) observed differential health effects between local and long-
range transported smoke with lower incidence of adverse health outcomes being associated with local 
smoke. Although engagement in mitigation actions and exposure misclassification could have biased the 
result, the authors hypothesized that aging led to additional oxidant production in the long-range 
transported smoke that could have increased inflammatory response (Magzamen et al., 2021). The 
authors’ results highlight the importance of a better understanding of exposures in the far-field range. 
Identification of compounds that can serve as surrogates for WUI fire exposures (i.e., source tracers) is 
one of the tools that could support future epidemiological analyses.  

 
Finding: Based on information from wildland fires, smoke inhalation is an exposure route of 
concern for WUI fires, including at longer distance scales (i.e., regional and continental), with the 
best available information on particulate matter exposure. 
 
Research need: There is a need to better understand the composition of gas and particulate 
exposures in WUI fires, and how they differ from wildland fires. 
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Research need: Assessments of smoke exposure typically rely on outdoor concentrations. A 
continued understanding of indoor penetration and persistence of smoke during and after fires, 
and an accounting for the chemical emissions profile of WUI fires, is needed. 

 
Dermal Exposures 

 
Although likely for residents in the near-field zone, dermal exposure is of most concern for 

wildland firefighters during responses to WUI fires. Evidence from non-WUI fires indicates that dermal 
absorption contributes significantly to the exposures of wildland firefighters working at fires (Pleil et al., 
2014; Banks et al., 2021; Fent et al., 2017; Stec et al., 2018; Fent et al., 2019a; Fent et al., 2019b). Such 
exposure could occur either through direct deposition on exposed skin, by cross-contamination between 
the turnout gear and skin, and/or via permeation and penetration through firefighter protective clothing 
(Kirk and Logan, 2015). Biomonitoring studies have measured increased concentrations of PAHs on the 
skin, their metabolites in urine, and VOCs (including benzene, toluene, ethylbenzene, xylenes, styrene, 
and naphthalene) in exhaled breath following training or controlled structure fires. This was true even 
among structural firefighters who, in addition to fireproof clothing, consistently wore self-contained 
breathing apparatuses (Pleil et al., 2014; Banks et al., 2021; Fent et al., 2017; Stec et al., 2018; Fent et al., 
2019a; Fent et al., 2019b), which essentially eliminate inhalation as an exposure route.  

Increased concentrations of PAHs on skin and their metabolites in urine have also been measured 
among wildland firefighters following work at prescribed fires (Cherry et al., 2021; Adetona et al., 
2017a). Furthermore, the potential for dermal exposure is likely higher during wildland firefighting since 
looser fitting protective clothing with less layers is typically worn at wildland fires compared to structure 
fires. The significance of dermal absorption during wildland firefighting is demonstrated by a more 
pronounced reduction in urinary concentration of the PAH metabolite, hydroxypyrene, from immediately 
after a firefighting shift to the following morning among firefighters who followed an enhanced skin 
hygiene intervention (change to new clothes, washing of firefighting clothes, and showering) immediately 
post-shift compared to those who did not. Similarly, urinary hydroxypyrene concentration was lower 
among wildland firefighters who reported having more opportunities for skin hygiene (e.g., wash, shower, 
and change of clothes) while working at the 2016 Horse River Fire (Cherry et al., 2019). 

In addition to PAHs and VOCs, firefighters may also be dermally exposed to higher 
concentrations of halogenated organics (e.g., PCDD/Fs, PCBs, and flame retardants) at WUI fires. 
However, no study of dermal exposures of firefighters to these compounds during WUI fires has been 
reported. Likewise, the committee found no study of dermal exposure of recovery workers to 
contaminants in WUI fire ash; the committee expects that such exposure can be prevented by the use and 
cleaning of appropriate protective clothing and personal washing procedures.  

While dermal absorption of contaminants in settled indoor dust is a potential exposure pathway 
for residents returning after WUI fires (Meng, 2018; Shi, 2021), trace metal and PAH concentrations were 
similar or lower in dust vacuumed from home floors (carpet or hardwood) in the city of Fort McMurray, 
which was affected by the 2016 Horse River Fire, compared to the typical home in Canada (Kohl et al., 
2019). Similar concentrations of PAHs and metals in vacuumed dust were also measured in homes in Fort 
McMurray neighborhoods irrespective of the severity of fire damage based on the number of burned 
buildings (Kohl et al., 2019). However, dust samples were collected only once, 14 months after the 
wildland fire event, rendering comparisons with pre-wildland fire dust concentrations in the same homes 
impossible. 

Appropriate post-fire cleanup procedures and regular home cleaning are expected to reduce 
concentrations of fire-related smoke contaminants in homes and potential exposures over time. However, 
it is uncertain that cleanup guidance is consistently issued to returning residents, and the potential 
increased exposure risk that can result from noncompliance with issued guidance is a source of concern. 
Moreover, the concentrations of arsenic, chromium, copper, tin, vanadium, and zinc in ash samples 
collected from burned buildings in Fort McMurray during the fire event were one to two orders of 
magnitude higher than those measured in the house dust 14 months later. The building ash samples were 
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also enriched in trace metals, but not PAHs, relative to the ash samples collected in burned forests outside 
of the city during the fire event. 

The committee identified no other studies of actual or potential dermal exposures due to indoor 
dust. Although enrichment of nutrients and metals in fire-impacted surface water and increased 
concentrations of VOCs and heavy metals in the public water supply have been documented (Proctor et 
al., 2020; Emmerton et al., 2020; Burton et al., 2016; USGS, 2012), actual dermal exposure via these 
pathways has yet to be studied. Finally, dermal exposures of outdoor workers and the general population 
beyond the immediate and near-field zones around fires may be of concern: researchers observed an 
association between WUI fire–impacted air pollution and clinical visits due to atopic dermatitis and itch 
in San Francisco, California, which is 280 km away from the areas burned by the 2018 Camp Fire 
(Fadadu et al., 2021). 

 
Finding: The potential for dermal exposure to smoke constituents among firefighters at WUI 
fires is demonstrated by dermal exposures of firefighters to PAHs and VOCs at structural and 
wildland fires. 
 
Research need: Studies are needed to characterize the dermal exposures of emergency and 
cleanup workers, and residents upon reentry.  
 
Research need: There is a need for research to develop standard procedures for the cleanup of 
contaminated homes post-fire.  

 
Ingestion 

 
Ingestion of contaminants emitted in fire smoke most likely results from exposure to 

contaminated water post-fire in the immediate, near-field, local, and regional zones (see Chapter 5). 
Ingestion can also occur from hand-to-mouth transfer when hands are contaminated with settled dust or 
surfaces are contaminated with fire by-products. Consistent with wildland fires in general (Rust et al., 
2018), studies of WUI fires have observed an increased loading of sediments, carbon, nutrients, and 
metals into surface waters, because of exposed soil and ash, in storm flows following WUI fires (Burton 
et al., 2016; USGS, 2012; Hohner et al., 2016; Writer et al., 2014; Emmerton et al., 2020; Burke et al., 
2013; Stein et al., 2012). Studies have reported storm-associated elevation of the concentration of 
dissolved organic carbon in surface or source water above the threshold (5 mg/L; USGS, 2012) set for 
ideal water treatment; levels below this threshold are more conducive to water treatment and disadvantage 
the formation of unwanted disinfection by-products (Burton et al., 2016; USGS, 2012; Hohner et al., 
2016; Writer et al., 2014). Ash from fires could also reduce the effectiveness of dissolved organic carbon 
removal by alum coagulation for drinking water treatment (Chen et al., 2020).  

Hohner et al. (2016) reported the formation of the disinfection by-products trihalomethanes and 
haloacetic acids above the EPA maximum concentration limits of 80 µg/L and 60 µg/L, respectively, in 
post-storm water samples at the intake of the Fort Collins, Colorado, drinking water treatment plant 
downstream of the burned areas of the 2012 Hewlett Gulch and High Park WUI fires. However, the 
committee found no studies of disinfection by-product concentration in drinking water supply following 
chlorine or chloramine disinfection in areas affected by fires. The more toxic, but unregulated, bromine-
substituted trihalomethanes and haloacetic acids preferentially form in the presence of bromine (Chen et 
al., 2020; Uzun et al., 2020), which is likely to be more concentrated in WUI fire emissions due to its 
presence in plastics and household products. Nevertheless, no actual measurements of these compounds 
in drinking water supplies following WUI fires have been reported.  

Evidence indicates that trace metals may be enriched in contaminated stormwater that is 
associated with fires that involve residences or other structures compared to strictly wildland fires. Burton 
et al. (2016) and Wolf et al. (2011) reported higher concentrations of trace metals in fire ash and its 
leachate (water that has percolated through a solid and leached out some of the constituents), respectively, 
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in samples collected from residential areas compared to those from wildlands burned by fires. WUI fire 
studies measured post-fire concentrations of arsenic, cadmium, and lead in stormwater that were above 
the EPA primary drinking water standards (10 µg/L, 5 µg/L, and 15 µg/L, respectively; Burton et al., 
2016; Burke et al., 2013; Stein et al., 2012; Murphy et al., 2020). Arsenic concentrations also exceeded 
the EPA ambient water quality criteria of 18 µg/L in some studies (Burton et al., 2016; Stein et al., 2012; 
Murphy et al., 2020). EPA secondary drinking water standards were exceeded in some instances for other 
metals: aluminum (200 µg/L), iron (300 µg/L), manganese (50 µg/L), and zinc (7.4 mg/L; Burton et al., 
2016; Burke et al., 2013; Murphy et al., 2020). Nonetheless, evidence suggests that bioavailability of the 
metals may be low as they partition preferentially to the particulate phase and are adsorbed efficiently by 
ash (Cerrato et al., 2016). 

Radionuclides may also be mobilized into surface water after WUI fires depending on existing 
land use (Gallaher and Koch, 2004; Igarashi et al., 2020). Persistent organic pollutants emitted in WUI 
fires, including PAHs, dioxins, and PCBs, have also been measured in stormwater runoff (Stein et al., 
2012; Gallaher and Koch, 2004). Of these measurements, only PCBs following the Cerro Grande Fire 
were reported to exceed standards, including that for primary drinking water at 500 ng/L and ambient 
water criteria at 64 pg/L. 

Proctor et al. (2020) recently reported potential post-WUI-fire exposures to elevated 
concentrations of VOCs in drinking water via the contamination of the plumbing network in fire-affected 
areas during the Tubbs and Camp Fires (Proctor et al., 2020). They found that maximum concentrations 
of VOCs in the impacted area, measured in the public drinking water supply of the affected communities, 
were multiple times the EPA primary drinking water standard for benzene (40,000 µg/L vs 5 µg/L), 
dichloromethane (41 µg/L vs 5 µg/L), styrene (460 µg/L vs 100 µg/L), toluene (1.4 mg/L vs 1.0 mg/L), 
and vinyl chloride (16 µg/L vs 2 µg/L; Proctor et al., 2020). The study suggested that contamination of 
the drinking water supply could have been caused by the heating/burning of the components of the water 
supply plumbing network and/or depressurization of the system (Proctor et al., 2020). Although recent 
laboratory experiments have demonstrated the thermal degradation of plastic pipe products used for 
drinking water sources with the emission of VOCs and SVOCs (including benzene, toluene, styrene, and 
phthalates) leaching into the water (Chong et al., 2019; Isaacson et al., 2020), findings similar to those of 
Proctor et al. (2020) or other measurements of contamination of drinking water by WUI fires have not 
been reported. More research is needed to better understand potential sources of contamination into 
drinking water and how community water systems could minimize impacts on public health. 

Finally, ingestion of deposited WUI-emitted dust- and ash-borne contaminants on indoor surfaces 
and crops is possible. However, ingestion of contacted contaminants from surfaces by residents upon 
reentry into their homes and/or community can be minimized through effective cleanup activities and 
personal hygiene measures such as frequent hand washing. As previously noted, indoor dust 
concentrations of PAHs and trace metals in homes in Fort McMurray, Alberta, Canada, were apparently 
unimpacted by the Horse River Fire when measured 14 months after the fire event (Kohl et al., 2019). 
Also, information is lacking about potential exposure due to the ingestion of contaminated crops. 

 
Finding: Ingestion exposures can occur through three primary mechanisms: compromise of the 
water supply network, compromise of water treatment, and hand-to-mouth transfer of 
contaminated dust. 
 
Research need: Studies that characterize the contamination of the indoor environment, pathways 
of pollutant exposure to returning residents, and effective mitigation strategies for pollutant 
removal are needed. 
 
Research need: Research is needed to further characterize the chemicals and health impacts of 
WUI fire emissions via different routes of exposure, including inhalation, dermal exposure, and 
ingestion. Affected communities need to be fully engaged in this research to better inform 
approaches and implementation. 
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HEALTH IMPACTS 
 

Wildland and WUI fires adversely impact public health as they represent a dramatic source of air, 
water, and soil pollution in neighboring and even more distant populations. Epidemiological studies 
estimate that the global mortality burden attributable to landscape fire smoke is approximately 339,000 
deaths annually (Johnston et al., 2012). Adverse health effects from fires have been measured hundreds of 
kilometers away, such as the impacts of the 2018 Camp Fire on California Bay Area residents 240 
kilometers downwind (Rooney et al., 2020). They’ve also been measured well beyond 1,000 kilometers 
away, such as with the 2016 Horse River Fire, which started near Fort McMurray, Alberta, Canada, and 
resulted in smoke transport and impacts on air quality more than 4,000 kilometers away in New York 
City, New York, in the United States (Wu et al., 2018). This section first describes health effects 
associated with exposure to wildland and WUI fires, in particular WUI fires, as they impact communities 
and regional populations. It then explores health implications in near-field firefighters and emergency 
responders, which could include law enforcement, emergency medical technicians, and paramedics, all of 
whom may be at higher risk due to proximity. The discussion is divided into acute and chronic health 
conditions and further divided into epidemiological and toxicological findings related to wildland fires 
and WUI fires. Publications selected for inclusion in this section were based upon a literature search by 
the authors and the National Academies of Sciences, Engineering, and Medicine, and studies were 
selected that have clearly described health outcomes in communities and regional populations associated 
with smoke from wildland fires or WUI fires.  

Health effect studies in the general population specific to WUI fires are extremely limited. 
However, researchers can learn much from the studies that identify health impacts associated with 
exposure of general populations to wildland fire smoke, as well as the decades of research on outdoor PM 
that can inform our understanding of the health effects associated with fire-associated smoke. Key health 
outcomes from these studies include mortality from heart disease, chronic obstructive pulmonary disease 
(COPD), and respiratory disease (Malig et al., 2021). Lung cancer has not yet been identified as a health 
outcome of wildland fires or WUI fires for smoke-exposed community and regional populations; 
however, the InternationaI Agency for Research on Cancer (IARC, Group 1) and the National Cancer 
Institute have concluded that exposure to PM in outdoor air is carcinogenic to humans 
(https://dceg.cancer.gov/research/what-we-study/ambient-outdoor-matter).  Moreover, a recent IARC 
determination that there was sufficient evidence for increased mesothelioma and bladder cancer rates in 
firefighters, as well as limited evidence for an additional five cancers, demonstrates the need to study 
these health conditions in regional populations (Demers, 2022). 

Available data demonstrated elevated risks of emergency room visits during the 2015 wildland 
fire season in Northern California with specific health outcomes more prevalent, including myocardial 
infarction, ischemic heart disease, dysrhythmia, heart failure, pulmonary embolism, ischemic stroke, and 
transient ischemic attack (Wettstein et al., 2018). Studies (reviewed in Reid et al., 2016a) consistently 
confirm the association between wildland fire smoke exposure and some respiratory health outcomes, 
with the clearest evidence related to exacerbation of asthma (Gan et al., 2017). In a study by Malig et al. 
(2021) examining PM2.5 and morbidity during the 2017 northern San Francisco Bay wildland fires, 
increased PM levels were consistently linked with emergency department visits with asthma, chronic 
lower respiratory disease, and acute myocardial infarction; increases in acute respiratory infection and 
decreases in mental health / behavioral hospital visits were observed, but were sensitive to model 
specifications. In contrast to the preponderance of data demonstrating the association between wildland 
fires and asthma, the links between wildland fire smoke and both COPD and increased susceptibility to 
bacterial infections, including those associated with pneumonia, are not as clear (Reid and Maestas, 2019; 
Reid et al., 2016a; Malig et al., 2021). Studies also suggest that toxicity of PM2.5 from wildland fires is 
more harmful than equal concentrations of non-wildland fire PM2.5 (Aguilera et al., 2021). 

Both current and past research conclude that more studies are needed to fill the gaps on 
population subgroups that are most vulnerable to the health implications of wildland fire smoke and the 
far-field respiratory health impacts of these events with high air pollution. As the pulmonary, 
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cardiovascular, cerebrovascular, and reproductive systems appear to be most representative of the health 
effects associated with wildland fires, diseases associated with those target organs, as well as mental 
health, will be the focus of this section. In addition to acute and chronic health conditions associated with 
smoke exposure in the general population, delayed effects (i.e., effects that occur later, after the fire is 
over) have been observed. Because the committee identified only one study on delayed effects, it is 
grouped with chronic health studies in the section on “Chronic Conditions and Exacerbation of Disease.” 
It is important to note that smoke-associated PM is the primary constituent considered among all of the 
health studies discussed in this report. Also worth noting is the fact that comparing health effects of 
wildland and WUI fire events across world regions is difficult due to variation in intensity, fuel type, 
population, PM sources and composition, and other factors (Tinling et al., 2016).  

 
Finding: WUI-specific studies are rare, making it extremely difficult to understand related health 
effects for this specific, complex type of fire. Most information about acute and chronic health 
conditions is based on wildland fire studies, because of the greater amount of data available.  
 
Research need: Studies that explicitly define the particular type of fire (i.e., wildland fires vs 
WUI fires) to which the general population is exposed are needed to clearly delineate and 
possibly mitigate the types of health conditions that could emerge, as pollutant emissions (as well 
as toxicant concentrations) between wildland fires and WUI fires can be quite different.  

 
Acute Conditions and Exacerbation of Disease 

Epidemiological Studies 
 
Respiratory Effects 
 

A growing body of evidence documents an association between an exacerbation of asthma and 
wildland fire smoke exposure. For example, a positive association has been observed between 
hospitalizations, emergency department (ED) visits, and outpatient visits for asthma exacerbation and 
wildland fire smoke exposure (Gan et al., 2017; Reid et al., 2016a; Reid et al., 2016b; Hutchinson et al., 
2018; Malig et al., 2021). Wildland fire smoke inhalation also increased the risk for asthma morbidity 
during the 2013 wildland fire season in Oregon (Gan et al., 2020). By contrast, however, Tinling et al. 
(2016) found only weak associations between wildland fire smoke exposure and asthma. 

 As discussed by Reid et al. (2016a, 2016b), multiple studies have described a decrease in lung 
function associated with wildland fire smoke exposure among individuals without asthma or bronchial 
hyperreactivity. In the Wallow Fire, researchers observed an increased risk of ED visits for some 
respiratory and cardiovascular conditions during heavy smoke conditions, and risk varied by age and sex. 
The subpopulation of 65+ years of age was especially at risk for increased ED visits. The majority of 
epidemiology studies found that wildland fire smoke was associated with an increased risk of respiratory 
and cardiovascular diseases. In one study, a significantly increased risk of ED visits was identified among 
the 65+ population for asthma (relative rate [RR] = 1.73, 95% confidence interval [CI] = 1.03–2.93) and 
for diseases of the veins and lymphatic and circulatory systems (RR = 1.56, 95% CI = 1.00–2.43). For the 
age group of 20 to 64 years, there was an increase in ED visits for diseases of pulmonary circulation (RR 
= 2.64, 95% CI = 1.42–4.9) and for cerebrovascular disease (RR = 1.69, 95% CI = 1.03–2.77; Resnick et 
al., 2015). Additional findings suggest that PM2.5 exposure during wildland fire smoke days is more likely 
to trigger strong, acute responses such as asthma, bronchitis, and wheezing, compared with non-smoke 
days, in the older population (DeFlorio-Barker et al., 2019). 

Findings from studies examining infection risk associated with exposure to wildland fire smoke 
are inconsistent. In a study of the impacts of Indonesian wildland fires on air pollution and health in 
Singapore, clinic visits for acute respiratory infections increased during weeks with high fire levels (as 
estimated from satellite-derived values of fire radiative power) in 2010–2016 (Sheldon and Sankaran, 
2017). Alman et al. (2016) reported a borderline sassociation for combined hospitalizations and ED visits 
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for upper respiratory infections and PM2.5 during wildland fires in 2012 in Colorado. However, the 
committee found two recent studies with seven different analyses of the association between wildland fire 
smoke and pneumonia, of which all analyses revealed negative associations except two: (1) The analysis 
of outpatient presentations (but not hospitalizations or ED visits) by Hutchinson et al. (2018) found a 
weak relationship with infections. (2) Gan et al. (2017) reported a strong association between pneumonia 
hospitalizations and wildland fire smoke during the 2012 Washington state fires only when assessing 
exposure from kriging monitoring data, but not from an aerosol measurement or blended model. A recent 
study by Zhou et al. (2021) examined the relationship between increased ambient concentrations of PM2.5 

from recent California wildland fires and the incidence of COVID-19 infection. The authors concluded 
that high particulate pollution levels were temporally associated with an increase in the incidence and 
mortality rates of COVID-19 after adjusting for several time-varying confounding factors such as 
weather, seasonality, long-term trends, mobility, and population size.  

Studies investigating the association between wildland fire smoke and acute bronchitis show 
mixed findings, with results from a single study using temporal comparisons demonstrating an association 
for ED visits and outpatient presentations, but not for hospitalizations, among Medi-Cal patients in San 
Diego (Reid and Maestas, 2019). By contrast, a study of the 2012 Washington state wildland fires found 
no association between acute bronchitis hospitalizations and wildland fire smoke using three different 
methods to estimate smoke. In addition, no association was found for combined hospitalizations and ED 
visits for bronchitis during the 2012 wildland fire season in Colorado. 

The null findings associated with pneumonia and bronchitis contrast with previous papers that 
collectively hinted at an association between wildland fire smoke and pneumonia and bronchitis. Most of 
the previous studies grouped pneumonia and bronchitis together rather than separating them, as is the 
norm in the recent studies. One earlier study that did separate pneumonia and bronchitis found a strong 
association between PM2.5 and pneumonia, but not acute bronchitis, during the 2003 wildland fires in 
Southern California (Delfino et al., 2008). 

Several recent papers investigated the relationship between wildland fire smoke and all 
respiratory health outcomes grouped together. Studies consistently found strong associations between 
smoke exposure and hospitalizations, hospitalizations and ED visits combined, ED visits, and outpatient 
presentations (Reid and Maestas, 2019). However, findings from a few studies reported conflicting 
results. One of these authors noted that one of the investigations examined  smoke transported long-range 
rather than fresh smoke, which could have a different chemical composition (Magzamen et al., 2021). For 
more information on smoke plume aging and composition, please see Chapter 3 of this report. 
 
Cardiovascular Effects 
 

A growing number of studies have implicated exposure to wildland fire smoke as a risk factor for 
cardiovascular disease. Of the 48 wildland fire epidemiological studies that currently exist (as of 2021; 
Chen et al., 2021), 38 are on cardiovascular morbidity, and most outcomes focus on ED visits and 
hospitalizations for cardiovascular symptoms and illness. Twenty-five of the 38 studies report a positive 
association between wildland fire smoke exposure and increased health care for cardiovascular disease 
(Chen et al., 2021). For example, Haikerwal et al. (2015) demonstrated that PM2.5 exposure was 
associated with increased risk of out-of-hospital cardiac arrests and ischemic heart disease during the 
2006–2007 wildland fires in Victoria, Canada. The evidence indicates that PM2.5 may act as a triggering 
factor for acute coronary events during wildland fire episodes. In a study by Haikerwal et al. (2015), an 
interquartile range increase of 9.04 μg/m3 in PM2.5 over a two-day moving average during the 2006–2007 
wildland fire season in Victoria, Australia, was significantly associated with an increase in risk of out-of-
hospital cardiac arrests, with the strongest associations observed among men and older adults, and was 
also associated with an increased risk for ischemic heart disease–related ED visits (2.07 percent) and 
hospitalizations (1.86 percent), particularly among women and the elderly. 
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While the preponderance of evidence suggests an association between cardiovascular disease and 
wildland fire-generated PM, a conclusive link between wildland fire smoke exposure and adverse 
cardiovascular effects still remains somewhat elusive. However, a recent review by Chen et al. (2021) 
assessing epidemiological data, controlled clinical exposure studies, and toxicological studies has 
concluded that wildland fire smoke–associated PM is a risk factor for adverse cardiovascular disease, 
especially among vulnerable populations. In addition, findings also concluded that young and healthy 
people may also develop biological responses including systemic inflammation and vascular activation, 
both associated with increased cardiovascular disease risk. Future epidemiological studies could benefit 
from improved exposure assessments and the implementation of more sensitive indicators of 
cardiovascular dysfunction. More data are also needed to accurately define the risk of cardiovascular 
health effects including common, life-threatening, disabling, and costly clinical outcomes that include 
myocardial infarction, stroke, heart failure, heart rhythm disturbances, and sudden death.  
 
Reproductive Effects 
 

In 2012, Kessler compared the average birth weight of infants carried in utero during wildland 
fires with that of infants who were either born before or conceived after the fires. The author also 
compared birth weights of infants exposed to wildland fire smoke during the first, second, and third 
trimesters of pregnancy. After adjusting for infant sex, gestational age at birth, and other factors known to 
influence birth weight, the researcher reported that smoke-exposed infants weighed an average of 6.1 g 
(0.21 oz) less at birth than unexposed infants. Infants exposed to smoke as fetuses during the second 
trimester of pregnancy demonstrated the largest average size reduction at 9.7 g (0.34 oz), while those 
exposed during the third trimester showed an average reduction of 7.0 g (0.24 oz). Alternatively, infants 
exposed during the first trimester showed an average reduction of 3.3 g (0.11 oz), which was no different 
from the control. The trends were corroborated by a sensitivity analysis that compared pregnant mothers 
according to whether the air-pollution monitor nearest their residence recorded high or low PM levels 
during the wildland fires. 

Findings from O’Donnell and Behie (2015), who used data from the Australian Capital Territory 
and examined the influence of the 2003 Canberra wildland fires on the weight of babies born to mothers 
living in fire-affected regions, demonstrated heightened responsiveness in the male cohort. While this was 
not a direct effect of smoke exposure, the authors also showed that elevated maternal stress due to 
wildland fires acted to accelerate the growth of male fetuses, potentially through an elevation of maternal 
blood glucose levels. These studies concluded that effects of disaster exposure alter fetal growth patterns 
in response to maternal signals. However, the direction of the change in birth weight is opposite to that of 
many earlier studies. While this study has a number of limitations, the findings indicate a risk of 
macrosomia to exposed male infants that could pose immediate health risks to both mother and child, as 
well as longer-term health risks to the child. 

The work of Abdo et al. (2019) supports these findings, demonstrating that exposure to wildland 
fire smoke, specifically smoke-associated PM2.5, over the full gestation period and during the second 
trimester was positively associated with preterm birth, while exposure during the first trimester was 
associated with decreased birth weight. In a recent systematic review by Amjad et al. (2021), the authors 
concluded that while some evidence existed that maternal exposure to wildland fire smoke is associated 
with birth weight reduction and preterm birth, particularly when exposure occurs late in the pregnancy, 
based on all data, the association still remains inconclusive, despite strong evidence linking PM2.5 

exposure with reduced birth weight (Sun et al., 2016). 
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Chronic Conditions and Exacerbation of Disease 
 
Epidemiological Studies 
 
Respiratory Effects 
 

Recent data on wildland fires and COPD outcomes have caused doubt about a relationship 
between them, which previously had been established. Researchers observed strong associations between 
wildland fire smoke and COPD ED visits, but saw null results for hospitalizations during the 2008 
Northern California wildland fires (Reid et al., 2016b). An analysis of the 2012 Washington state fires 
demonstrated an association between hospitalizations for COPD when using monitoring data or PM2.5 
exposures from a model that blended monitoring, aerosol optical depth, and aerosol measurement data, 
but not from PM2.5 estimates derived from aerosol measurements (Gan et al., 2017). Alman et al. (2016) 
also reported a strong association between combined hospitalizations and ED visits for COPD and smoke-
associated PM2.5 levels during the 2012 Colorado fire season. Analyses using temporal comparisons were 
null for outpatient visits, ED visits, and hospitalizations (Hutchinson et al., 2018), as were results from 
two analyses using aerosol measurement–derived PM exposures for ED visits (Tinling et al., 2016; 
Haikerwal et al., 2016). In a study by Hutchinson et al. (2018) that examined the health care utilization of 
Medi-Cal recipients during the fall 2007 San Diego wildland fires, which exposed millions of people to 
wildland fire smoke, young children appeared at highest risk for respiratory problems, especially asthma, 
which is a cause of particular concern because of the potential for long-term harm to children’s lung 
development. Regarding delayed effects, a study by Reid et al. (2016a) 10 years after wildland fire smoke 
exposure found lung function to be reduced among individuals without asthma or bronchial 
hyperreactivity.  
 
Cardiovascular and Cerebrovascular Effects 
 

Wettstein et al. (2018) conducted population-based epidemiological analyses for daily 
cardiovascular and cerebrovascular ED visits and wildland fire smoke exposure in 2015 among adults in 
eight California air basins. Findings from this study revealed elevated risks for individual diagnoses of 
myocardial infarction, ischemic heart disease, heart failure, dysrhythmia, and pulmonary embolism. The 
same study also showed that smoke exposure was associated with cerebrovascular ED visits for all adults 
(ischemic stroke and transient ischemic attack), particularly for those 65+ years. The authors of the study 
concluded that individuals with underlying cardiovascular disease risk factors may be at greater risk for a 
cardiovascular or cerebrovascular event during a period of wildland fire smoke exposure.  
 
Mental Health Effects 
 

Mental health is included in this report as recent research has shown that small increases in 
particulate air pollution are linked to significant rises in depression and anxiety. For example, a recent 
study (Petrowski et al., 2021) examining nationally representative data of German populations revealed 
an association between mental health and well-being and particulate air pollution. Moreover, studies have 
also found an increased rate of post-wildland fire mental health disorders in both adult and pediatric 
populations, with a number of associated risk factors, the most significant being characteristics of the 
wildland fire trauma itself. A recent study by To et al. (2021) demonstrated that direct exposure to large-
scale fires significantly increased the risk for mental health disorders, particularly for post-traumatic stress 
disorder, depression, and generalized anxiety, at several follow-up times after the wildland fire, from the 
subacute phase to years after. 

Brown et al. (2019) examined mental health in children following the Fort McMurray fire in 
Alberta, Canada, and noted a high incidence of post-traumatic stress disorder, depression, anxiety, and 
alcohol- or substance-abuse disorders. The authors concluded that disasters have a negative impact on the 
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mental health of youth, particularly those who directly experienced fires. However, they also noted the 
role of resilience on mental health among this group, with lower resilience associated with substantially 
lower mental health outcomes. A follow-up study by some of the same authors (Brown et al., 2021) 
following the Fort McMurray fire not only validated their first study, but showed that mental health issues 
worsened rather than improved over time. Moreover, the authors observed higher levels of mental health 
distress among older students, in females compared to male students, and in individuals with a minority 
gender identity, including transgender and gender-nonconforming individuals. These follow-up findings 
illustrate that deleterious mental health effects can persist in youth for years following a fire disaster and 
therefore are critical to discuss in this report. 
 
Controlled Human Exposure Studies  
 

This section discusses controlled human wood-smoke exposure studies, in concert with in vivo 
animal studies, to complement the wildland fire studies in this report. Controlled human exposure studies 
complement the cardiovascular mortality and morbidity observations in epidemiology as they offer a 
chance to examine the associated pathophysiological changes. While wood smoke used for clinical and 
experimental studies does not entirely reflect smoke from a wildland fire or WUI fire, chamber studies do 
allow for a better understanding of mechanisms underlying observed health effects. Moreover, low or 
moderate exercise can be introduced in the study protocols to increase the ventilatory rate to simulate 
physical activity in the vicinity of a wildland fire. 

Most human wood-smoke exposure studies conducted to date have investigated pulmonary 
function, respiratory inflammation, systemic inflammatory responses, and cardiovascular endpoints or 
markers related to vascular pathophysiology. In one study (Andersen et al., 2017), 43 subjects participated 
in various training exercises that included activities to extinguish fires fueled by either wood alone or by 
wood and household materials (a mattress). They found that firefighting activity was associated with 
decreased heart rate variability and microvascular function measured as reactive hyperemia index 
pressure. While no definitive conclusions can be reached in these types of studies due to differences in 
such factors as wood types and duration of exposure, the overall outcomes support the positive 
cardiopulmonary findings observed in wildland fire epidemiological studies. 
 
In Vivo Toxicology Studies 
 

While humans best represent themselves for identifying contaminant-associated health effects, 
studies using animal models provide biological plausibility for the associations revealed in 
epidemiological studies, as well as provide a mechanistic understanding for such observed effects. 
Several studies have shown that exposure to wood smoke leads to increased cardiovascular risk in 
animals (reviewed in Chen et al., 2021). For example, Kim and colleagues (2014) established an in vivo 
model wherein female CD-1 mice were exposed through oropharyngeal aspiration to 100 μg peat smoke 
condensate from different combustion stages (smoldering vs near extinguished). Mice exposed to smoke 
produced during the smoldering stage revealed significantly decreased cardiac function and increased 
post-ischemic cardiac death in an experimentally induced ischemia model. Animal studies have shown 
that the toxicity of wood smoke depends on the wood type, as well as the combustion conditions, with 
wood smoke from smoldering wood producing fewer effects relative to smoke produced by the burning of 
specific wood types.  

In a study by Black et al. (2017), three-year-old macaque monkeys were housed in outdoor 
facilities at the California National Primate Research Center and exposed to California wildland fire 
smoke during pregnancy and in the first three years of life. Adolescent monkeys demonstrated reduced 
lung function and long-term immune alterations dependent on sex. The authors concluded that modulation 
of peripheral blood cytokine synthesis and altered later-in-life lung function was significantly associated 
with early-life wildland fire smoke exposure (Black et al., 2017).  These results support the findings by 
Orr et al. (2020) which show that initial smoke exposure can lead to health effects in subsequent years, 
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Overall, in vivo animal studies are challenging to interpret in a clinical context, as exposure dose and 
duration may be difficult to compare with real-world conditions impacting public health. However, as 
previously stated, these studies provide plausibility for epidemiological studies demonstrating wildland 
fire-induced respiratory dysfunction, as well as insight into underlying mechanisms. 

 
Finding: Particulate matter is the primary metric related to health outcomes in almost all existing 
studies on wildland fire and WUI fire smoke. 
 
Research need: Further studies are critical to understanding whether physiological and 
psychological chronic health disorders associated with regional exposures among the general 
public are similar for WUI and wildland fires. 
 
Research need: Additional studies are needed to evaluate the health implications of wildland fire 
and WUI fire smoke constituents other than PM, including volatile organic compounds, semi- 
volatile organic compounds, and polycyclic aromatic compounds.  
 
Research need: A need exists to better understand the persistent and delayed effects of smoke 
exposures, especially for far-field community and regional populations.  
 
Research need: A need exists to better understand the effects of smoke exposures to WUI fire 
components, which may include biomonitoring studies of general populations and vulnerable 
subpopulations. 

 
Firefighter Acute Exposures and Effects 

 
Although ongoing research exists on WUI firefighter acute exposures and health effects, the 

committee found no published studies specific to WUI fires. A limited amount of information is available 
on acute exposures and health effects for wildland firefighters, with additional data available on structural 
firefighters from municipal fire departments. Measurement of urinary hydroxylated metabolites of PAHs 
has been used for the assessment of exposure to combustion products (Keir et al., 2017; Fent et al., 2020). 
Among PAHs, the known, probable, and possible carcinogens include benzo[a]pyrene, 
dibenz[a,h]anthracene, chrysene, benzo[a]anthracene, and naphthalene (IARC, 2010). Evaluation of PAH 
metabolites in urine also provides a biological measure of combined inhalation and dermal exposure.  
 
Wildland Firefighters 
 

Wildland firefighters are exposed to carcinogens including benzene, formaldehyde, and PAHs 
(Ward and Hardy, 1991; Reinhardt and Ottmar, 2004; Broyles, 2013). More research studies have been 
published on prescribed burns than on larger campaign fires. Researchers have found urinary PAH 
metabolites to be elevated in wildland firefighters after a prescribed burn (Adetona et al., 2017a). 
However, firefighters can minimize their exposures during certain types of prescribed burns by avoiding 
smoke plumes. For example, in a study of Bureau of Indian Affairs / Fort Apache Agency wildland 
firefighters before, during, and after conducting pile burns (prescribed fires), despite finding 20 of the 21 
PAHs analyzed in area (smoke plume) samples, researchers found only three (naphthalene, phenanthrene, 
and fluorine) of the 16 PAHs analyzed in personal exposures, based on the ability of the firefighters to 
move away from the smoke, and there were no significant changes in urinary 1-hydroxypyrene 
concentrations (Robinson et al., 2008). Urinary methoxyphenols have been used to evaluate exposure to 
wood smoke (Dills et al., 2006). In US wildland firefighters, PAH DNA adducts were associated with 
diet, but not occupational exposure (Rothman et al., 1993). 
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Wildland firefighting is known to be associated with acute adverse health effects. Previous 
studies of wildland firefighters have recorded cross-seasonal changes in lung function (Rothman et al., 
1991; Liu et al., 1991; Gaughan et al., 2008), and decreases in lung function have been associated with 
hours of firefighting activity (Rothman et al., 1991) and continuous exposure to wood smoke (Adetona et 
al., 2011). Additionally, several studies have measured elevated inflammation and oxidative stress among 
wildland firefighters after prescribed burns (Adetona et al., 2017b; Adetona et al., 2019) and wildland 
fires (Main et al., 2020). Inflammation and oxidative stress are known risk factors for cancer (Coussens 
and Werb, 2002; Reuter et al., 2010).  
 
Structural Firefighters 
 

Among structural firefighters, exposure during the overhaul phase (the phase after the main fire 
has been extinguished, during which firefighters search a fire scene to detect hidden fires or smoldering 
areas that may rekindle) increased lung inflammation in firefighters wearing multipurpose (high-
efficiency particulate, acid gas, and organic vapor) air-purifying respirators, which suggested inadequate 
protection offered by the air-purifying respirators (Burgess et al., 2001). Air-purifying respirators can 
provide protection against many products of combustion at concentrations relevant to overhaul, although 
formaldehyde may break through under certain conditions, particularly at elevated ambient temperatures 
(Jones et al., 2015; Staack et al., 2021). Fent et al. (2014) evaluated exposures in structure fires during 
controlled burns when firefighters wore self-contained breathing apparatus for all phases including 
overhaul (Fent et al., 2014). Within this study, dermal swabs of skin surfaces that were collected before 
and after the fires showed that the neck was the most exposed part of the body. The results also showed 
an increase in urinary PAH metabolites three hours after the fire response. Kirk and Logan (2015) also 
analyzed firefighting ensembles for deposition and off-gassing of contaminants following controlled 
burns and found VOCs, carbonyl compounds, PAHs, and hydrogen cyanide off-gassing from the gear. 
They determined that deposition of contaminants on firefighting ensembles is cumulative, and that 
laundering reduced contamination to pre-exposure levels.  

One potential mechanism of acute toxicity following exposures among structural firefighters is 
activation of the aryl hydrocarbon receptor (Beitel et al., 2020). This activation is reportedly the same 
toxic mechanism by which dioxin causes cancer, and the aryl hydrocarbon receptor is also a potential 
target for cancer chemotherapy (Kolluri et al., 2017). 
 

Firefighter Chronic Effects 
 

As with acute exposures and health effects, although there is ongoing research on WUI firefighter 
chronic health effects, the committee found no published studies specific to WUI fires. Limited 
information is available on chronic health effects from smoke exposure for wildland firefighters, with 
additional data available from municipal fire departments. Researchers have linked PAH exposures to a 
number of cancers, including skin, lung, bladder, and gastrointestinal cancers (Rota et al., 2014; Boffetta 
et al., 1997; Diggs et al., 2011). Research has identified elevated levels of persistent organic 
contaminants, such as PCDD/Fs, associated with cancer and other adverse chronic health effects in 
California firefighters (Shaw et al., 2013). 
 
Wildland Firefighters 
 

A survey study associated the employment duration of wildland firefighters with a history of 
being diagnosed with hypertension and arrhythmias (Semmens et al., 2016). Wildland firefighters have an 
estimated increased risk of lung cancer mortality and cardiovascular disease (Navarro et al., 2019). To our 
knowledge, no epidemiological studies of cancer in wildland firefighters have been published. 
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Structural Firefighters 
 

Cancer is a leading cause of mortality and morbidity in the municipal fire service. The National 
Institute for Occupational Safety and Health (NIOSH) study of Philadelphia, Chicago, and San Francisco 
firefighters demonstrated a 14% increase in overall cancer mortality compared to the general population, 
and specific excesses in lung (10%), gastrointestinal (30–45%), kidney (29%), and mesothelioma (100%) 
cancer deaths, with similar increases in cancer incidence (Daniels et al., 2014). In Australian volunteer 
firefighters, prostate cancer was increased compared to the general population, and kidney cancer 
increased with the number of fire exposures (Glass et al., 2016). Among female firefighters, colorectal 
cancer increased with the increasing number of fire responses. A study of cancer among firefighters in 
five Nordic countries found a significant excess risk of prostate cancer and melanoma among those 30–49 
years of age, as well as an increase in non-melanoma skin cancer, multiple myeloma, lung 
adenocarcinoma, and mesothelioma among older firefighters (Pukkala et al., 2014). A previous meta-
analysis of 32 studies of cancer in the fire service found an elevated risk for non-Hodgkin’s lymphoma, 
prostate cancer, and testicular cancer (LeMasters et al., 2006).  

Cancer is a multistage process with a latency period between exposure and the onset of disease 
from as short as five to over thirty years (Nadler and Zurbenko, 2014). Previous firefighter studies have 
shown limited evidence of direct DNA damage (change in DNA sequence) as a result of occupational 
exposure. A study of structural firefighters in India found increased buccal cell micronuclei compared 
with controls (Ray et al., 2005). Beyond direct DNA damage, advances in technology have led to a 
greater appreciation of the role of epigenetic (not involving a change in DNA sequence) contributions to 
carcinogenesis: epigenetic markers are known to have important roles in carcinogenesis. Key among these 
are DNA methylation and miRNA expression, which researchers have shown to be different in incumbent 
and new-recruit structural firefighters (Jeong et al., 2018; Zhou et al., 2019) and which change over time 
in new recruits (Jung et al., 2021). Numerous studies have shown how DNA methylation (Jaenisch and 
Bird, 2003; Jones and Laird, 1999; Wang et al., 2010; Onwuka et al., 2020; Dugue et al., 2021) and 
miRNA expression (Calin and Croce, 2006; Carter et al., 2017) are associated with cancers.  

 
Finding: Insufficient research exists on acute exposures and acute and chronic health effects in 
WUI firefighters. 

 
REDUCING EXPOSURE RISKS AND HEALTH EFFECTS 

 
 This section focuses primarily on reducing the risk of smoke (inhalation) exposure and its effects. 
However, dermal and ingestion exposures are also a concern, particularly in the near field, that can be 
reduced through actions discussed in this section. Mitigation opportunities at a structural level to reduce 
the incidence of WUI fires, such as adjusting land-use policy, also exist; these are not discussed because 
the scope of this report is focused on chemistry. 
 

Reducing Near-Field Exposure Risks 
 

This section discusses actions that reduce near-field exposure for the general public in the 
evacuation zone and for firefighters working in close proximity. While there is a range of individual and 
community actions (or interventions; e.g., use of portable air cleaners, wearing of N95 masks [see Box 
6-2]) to mitigate fire smoke exposure (EPA, 2021f; Xu et al, 2020), there is limited information about the 
effectiveness of their use during wildland and WUI fires (EPA, 2021f). Information is also lacking about 
best practices by residents to reduce their exposures upon reentry post-fire. These limitations are 
underscored by the lack of comprehensive information about fire emissions specific to WUI fires, such as 
the chemical composition of PM and pollutants that may not be monitored in targeted analyses. 
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BOX 6-2 Reducing Smoke Exposure through Respirator Use 
 

Respirators or filtering face masks, like NIOSH-certified N95 masks, can be used to reduce exposure to 
PM2.5. Filtering face masks have been widely used due to the COVID-19 pandemic and may now have increased 
acceptance as a way to reduce exposure to wildland fire smoke (Holm et al., 2021). However, personal respiratory 
protection, which has long been viewed as an occupational exposure reduction method (Samet et al., 2022), may 
have limited effectiveness for the general public since it depends on the fit of the mask and the length of time it 
was used (Kodros et al., 2021). Additionally, masks or respirators may not be effective for individuals with 
preexisting conditions that make it difficult to breathe or for children since there are no certified N95 masks for 
their size range (Samet et al., 2022). Despite these challenges, masks have been found to provide a health benefit 
in polluted environments (Holm et al., 2021).  

 
 

Evacuation 
 

While no data sets systematically track the occurrence of emergency evacuations or other 
exposure reduction actions for wildland fires (CCST, 2020), data specific to state and fire incidents are 
available. For example, CCST (2020) noted one study estimated that 1.1 million people were ordered to 
evacuate during 11 major wildland fires between 2017 and 2019 in California (Wong et al., 2020) with 
non-compliance to mandatory evacuation orders for three wildland fires in California ranging from 3-13 
percent of the population (Wong et al., 2020). Similar results have been observed in other studies. In the 
western United States, 11–20 percent of survey respondents who resided in areas within or adjacent to 
perimeters of recent wildland fires and/or were under evacuation orders did not evacuate during the fires 
(Kuligowski, 2021; Kuligowski et al., 2022; McCaffrey et al., 2018), while a similar 9–10 percent of 
survey respondents reported an intention to stay and defend property regardless of authorities’ evacuation 
orders in cases of future wildland fires (Edgeley and Paveglio, 2019; Mozumder et al., 2008; Paveglio et 
al., 2014; Stasiewicz and Paveglio, 2021).  

In a study conducted in New Mexico, 89 percent of survey respondents reported that they would 
evacuate under mandatory orders compared to 57 percent under voluntary ones (Mozumder et al., 2008). 
Nonetheless, the implementation of mandatory evacuation orders and the enforcement of penalties for 
disobeying such orders, if any exist, are inconsistent across the country, and WUI fire–specific data are 
largely unavailable (Kuligowski, 2021; Mozumder et al., 2008). Even without research, WUI fire 
evacuation planning can benefit from the availability and use of contemporaneous real-time collection of 
data about evacuation decisions or progress, such as location data from cellular information (Melendez et 
al., 2021). But the inadequacy of communication and transport infrastructure or their degradation by 
wildland fire activities can impair the availability of such data and the evacuation performance (Cova et 
al., 2011; Kuligowski, 2021). In addition, evacuation is not always the best safety decision, and 
evacuation that is delayed or made under congested traffic conditions can result in catastrophic 
unintended consequences including death (Cova et al., 2011; Kuligowski, 2021; Li et al., 2019; 
McLennan et al., 2018). 
 
Reentry Exposure Risk and Mitigation 
 

Exposure to lingering smoke and ash from a fire after WUI residents are allowed to return to their 
homes can cause significant health effects. Guidance provided by NIOSH and other agencies provides 
general information on health and safety hazards for homeowners and environmental remediation workers 
after the area is declared safe for reentry. According to NIOSH, these activities may pose health and 
safety hazards that require necessary precautions, and in most cases, it may be more appropriate for 
professional cleanup and disaster restoration companies, rather than homeowners or volunteers, to 
conduct this work (NIOSH, 2019b).  
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Cleanup recovery workers undertake demanding and often dangerous work to remove debris and 
demolish damaged structures. Many immigrants make up this recovery workforce because of their 
substantial representation in the formal and informal construction sectors (Eckstein and Peri, 2018). 
Related research on immigrant experiences with cleanup and reconstruction work illustrates the many risk 
factors that make these workers vulnerable to hazardous work conditions and exploitation (Vinck et al., 
2009). Despite this, specific research on vulnerable populations and workers in WUI fire–affected areas is 
sparse. One resource that extends education and training to those responding to disaster events is the 
National Institute of Environmental Health Sciences Worker Training Program, which funds a network of 
labor organizations, worker centers, and university-based programs (NIEHS, 2021b). 

One survey conducted by a community-based organization in Southern California surveyed 195 
blue collar workers in the area following the 2018 Woolsey Fire (house cleaners, childcare providers, 
gardeners, construction workers, and caregivers to the elderly) to learn how their work was shaped by the 
fire and to document the consequent health, safety, and economic impacts. Some domestic workers 
reported engaging in fire cleanup tasks, such as cleaning ash and debris that thickly coated furniture 
inside homes that were adjacent to fully burned structures, and respondents indicated that employers 
provided little more than simple face masks to carry out dangerous tasks (IDEPSCA, 2020). 
 

Research need: Research is needed to better identify at-risk and vulnerable residents and 
workers affected by near-field WUI fires, and to identify culturally appropriate opportunities for 
interventions to reduce adverse health impacts. 

 
Reducing Exposure Risk and Health Effects for Firefighters 
 

Potential mitigation interventions for wildland firefighters are grouped into dermal, inhalation, 
mixed, and administrative categories (Table 6-3). Dermal interventions include directly removing soot 
from the skin and more frequently cleaning dirty gear. Wildland firefighting gear is different from 
municipal turnout gear, being constructed of lighter materials. Many wildland firefighters continue to 
wear dirty gear for multiple shifts in a row during a campaign fire, although recent changes in some 
departments encourage cleaning after each shift. The wildland firefighter interventions shown in Table 6-
3 may also apply to WUI firefighters. 

By early 2022, some US wildland departments expected to have new personal protective 
equipment with a built-in protective barrier to help reduce skin exposure. They are also working on 
decontamination protocols for wildland firefighters, focused on dermal post-fire decontamination, and a 
clean cab protocol for wildland firefighting. Researchers have shown that the use of air-purifying 
respirators reduces respiratory symptoms in wildland firefighters in Australia (De Vos et al., 2009). 
 

Research need: A need exists for research on the effectiveness of interventions to mitigate WUI 
firefighter smoke exposures and the associated adverse health effects.  

 
A limited number of published studies are available evaluating exposure reduction interventions 

in municipal firefighters. A study (Hoppe-Jones et al., 2021) measured urinary PAH metabolites 
(naphthols, phenanthrols, fluorenols, and 1-hydroxypyrene) in over 140 municipal fire department 
personnel at a baseline and two hours after completing their fireground responses. Contrary to 
expectations, the exposure was similar in engineers and paramedics at the scene as compared to the fire 
attack teams, which may be explained by exposure to smoke from the fire and diesel exhaust from fire 
service vehicles coupled with the nonuse of respiratory protection. Furthermore, the study found that 
interior responses (as contrasted to exterior responses), smoke odor on the skin after showering, and a 
lack of recent (greater than one month) laundering or changing of hoods were all significantly associated 
with an increased level of urinary PAH metabolites. 
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TABLE 6-3 Potential Interventions to Reduce Exposures and Health Effects in Wildland Firefighters 
Dermal Take shower after operational period, or use skin wipes when shower not available 

Carry clean change of clothes for after operational period if not returning to base camp 

Prevent contamination of backpack (14 day bag with personal items) contents using sealed, 
impervious bags 

Use improved wildland turnout gear to reduce dermal exposure 

Inhalation Use respiratory protection if you are a vehicle driver / pump operator 

Provide exposure monitoring equipment to firefighters, when appropriate, to help them identify and 
avoid inhalation hazards (implement with support of safety officers on incidents and risk management 
personnel at land agencies) 

Change cabin air filters in fire department apparatus 

Mixed Clean tents and sleeping bags after each assignment 

Implement clean cab protocol 

Administrative Use job rotations to reduce exposures (fire incident management personnel can rotate and reassign 
crews and resources after completing job tasks associated with higher smoke exposures to job tasks 
that have lower expected smoke exposures) 

Allow firefighters to patrol for spots rather than stand stationary on the fireline 

 
 

Based on these study findings, the fire department chose to test interventions to reduce fireground 
exposure, including the use of self-contained breathing apparatuses by engineers, washing procedures for 
the entry team prior to doffing gear at the fire scene, the isolation of contaminated equipment, and 
personnel showering and the washing of gear upon return to the station (Burgess et al., 2020). Compared 
to exposures in the pre-intervention period, the interventions significantly reduced the mean total post-fire 
urinary PAH metabolite level in engineers (–40.4%, 95% CI = –63.9%, –2.3%) and firefighters (–36.2%, 
95% CI = –56.7%, –6.0%). 

The potential effectiveness of skin hygiene intervention for the reduction of exposure at wildland 
fires was also demonstrated by Cherry et al. (2021). They observed that the reduction in urinary 1-
hydroxypyrene excretion from immediately post-shift to the following morning among firefighters with 
confirmed hand PAH contamination was more than six times higher among those who followed the 
intervention, including a change of clothes immediately after firefighting and returning to base, washing 
of firefighting clothes, and showering (Cherry et al., 2021). While reported opportunities for engaging in 
skin hygiene while deployed to the Fort McMurray WUI fire were associated with reduced urinary 1-
hydroxypyrene, samples were collected at least 37 days after deployment, which is potentially longer than 
the half-life of the biomarker (Cherry et al., 2019). 
 

Reducing Regional Exposures  
 

Communities face a range of potential exposures from air, water, and ash or soil deposition. 
However, the health effects of smoke inhalation, and ways to mitigate risk, are the most widely studied 
exposures at this time. Smoke from large fires can spread over thousands of square kilometers, potentially 
affecting the air breathed by millions of people. While people can take numerous actions to reduce 
exposure to smoke, a large degree of variability exists in the efficacy of each (Xu et al., 2020; Laumbach, 
2019). Table 6-4 lists some interventions. 
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TABLE 6-4 Potential Interventions to Reduce Exposures and Health Effects in Communities 

Inhalation Reduce activity level and time outdoors. Follow any state or municipality guidance levels or 
standards for acceptable exposure to smoke, such as the threshold of 151 µg/m3 or less of 
PM2.5, as provided in California (by the California Division of Occupational Safety and 
Health) for outdoor workers. 

Consider wearing a respirator outdoors, or a properly fitted N95 or P100 mask. Standard dust 
or surgical masks do not keep out fire smoke. Make sure the mask fits as recommended by 
the manufacturer. 
 
If you are traveling in a vehicle, close the windows and doors and run the air system in 
recirculation mode. 
 
Stay indoors with windows and doors closed, and use an HVAC system in recirculation 
mode, not bringing in any outdoor air. Use the highest rated minimum efficiency reporting 
value (MERV) filter in the HVAC system, with a MERV 13 recommended.  

Use indoor air cleaners (if available) that contain a high-efficiency particulate air (HEPA) 
filter for fine particle removal. If the option is available, add a charcoal filter for chemical 
collection. Place air cleaners in primary living and sleeping areas and ensure that the air 
cleaner has Association of Home Appliance Manufacturers approval with an appropriately 
sized clean air delivery rate provided. Do not use ozone-generating air cleaners, since ozone 
is a strong pulmonary irritant. Other air cleaners may release unintentional ozone during 
operation; thus, select only products that meet California’s Air Cleaner Regulation AB 2276 
of not releasing more than 0.05 ppm ozone (, 2008). 
 
If retail air cleaners are not available or are economically prohibitive, consider using a DIY 
air cleaner consisting of a simple box fan with an attached HVAC filter. Follow assembly 
and safe operating instructions (Underwriters Laboratories, 2021). 
 
Keep the indoor space clean by wiping all surfaces with an antistatic or damp cloth. Use a 
HEPA vacuum to clean surfaces and upholstered furniture. 
 
Consider using PM2.5 personal devices or real-time air monitors for measuring indoor levels, 
so that mitigative strategies including air cleaning/filtration can be used for high PM 
measurement events.  

Reduce PM2.5 generation indoors by limiting the use of chemical cleaners and aerosols, air 
fresheners, gas cooking, and processes like frying. 

Locate indoor “safe air spaces” provided by the community, especially for vulnerable 
populations. These may include specially prepared spaces like sports arenas, theaters, and 
shopping malls.  
 
When the outdoor air becomes safer, consider “airing out” your space by opening windows 
and doors and providing as much air circulation as possible. EPA’s AirNow Fire and Smoke 
map (https://fire.airnow.gov/) is a source of real-time air quality and fire information that can 
be used to identify when outdoor air quality has improved. 

Dermal/Ingestion Keep the indoor space clean and reduce indoor dust by using air cleaners and wiping all 
surfaces with a static-free or damp cloth. If available, use a HEPA vacuum to clean all 
surfaces including flooring, countertops, shelving, and upholstered furniture. 

Wash hands frequently, especially those of children who have frequent hand-to-mouth 
activity.  

Consider treatment/filtration of drinking water to remove particles and chemical 
contamination from fire emissions or thermally degraded water lines. 
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Reducing Indoor Exposure 
 

EPA (2021f) describes means of reducing smoke, particularly PM2.5 exposure, and the impacts of 
interventions, selected text follows: 
 

The primary focus for several actions is reducing indoor PM2.5 concentrations while at 
home where people spend most of their time. Housing characteristics, such as age of the 
home and presence and type of HVAC system, influence the infiltration of particles indoors 
under normal conditions, and also influence the efficacy and availability of these actions for 
reducing smoke exposures in homes (Davison et al., 2021; Joseph et al., 2020, EPA, 2020). 
Therefore, housing characteristics of the geographic area impacted by smoke is another 
important factor, and if variability in the housing stock is not accounted for in some way 
then estimates of exposure reduction could be under- or overestimated. … 

EPA (2018) reviewed residential measurement studies that used portable air cleaners 
and central HVAC system filters to reduce indoor PM2.5 exposures overall, not PM2.5 
specific to wildfire smoke. Portable air cleaners were found to substantially reduce indoor 
concentrations of PM of both indoor and outdoor origin, often reducing indoor PM2.5 
concentrations by around 50% on average. … 

EPA (2018) also noted a few residential measurement studies that showed higher 
efficiency central HVAC system filters such as those rated minimum efficiency reporting 
value (MERV) 13 or above can reduce indoor PM2.5 concentrations. Singer et al. (2017) 
reported a 90% reduction in PM2.5 using HVAC filtration with high efficiency MERV filters 
in a single test house in California during typical ambient PM2.5 concentrations, which was 
comparable to running a portable air cleaner in the home. However, results from a recent 
study by Alavy and Siegel (2020) showed actual in-home effectiveness of HVAC filtration 
for PM2.5 was much lower (average ~40%) and varied widely across homes even for filters 
with the same MERV rating depending on the home. Filter performance was strongly linked 
to home- and system-specific parameters including ventilation rate and system run time. 

Of the studies evaluated, Reisen et al. (2019) is the only available residential 
measurement study that examined the effectiveness of closing windows and doors during a 
smoke event. However, the study only included four homes in Australia that experienced 
smoke due to a prescribed fire. Simple infiltration modeling of the measurements showed 
that remaining indoors with windows and doors closed reduced exposure to peak PM2.5 

concentrations by 29 to 76% across the homes and that a tighter house, in terms of reduced 
ventilation, provided greater protection against particle infiltration. (EPA, 2021f) 

 
Most of the previous research has focused on achieving PM reductions indoors; however, WUI 

fires may emit a wide variety of chemical compounds, and very little is known about the infiltration of 
these compounds indoors and effective air cleaning approaches. Recent work by Ye et al. (2021) focused 
on evaluating VOC air cleaning technologies for a range of compounds. They observed a wide variety of 
reduction rates across appliances and for different compounds. They also observed that some air cleaners 
themselves were a source of VOC emissions and in some cases their usage led to the formation of 
oxidized by-products. Further research is needed to identify air cleaning technology that can be used to 
mitigate exposure to VOCs and other WUI fire smoke compounds. 
 

Research need: A need exists to identify the air cleaning and exposure reduction approaches that 
are effective at reducing the concentrations of WUI fire compounds other than particulate matter. 

 
Finally, making spaces with cleaner air available during the day can provide an alternative for 

people unable to reduce smoke levels in their homes, especially vulnerable populations. Public health  
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official guidance describes opportunities to provide such public “safe air spaces” with cleaner air than 
outdoors (EPA, 2019). These spaces could include schools, senior centers, libraries, and shopping malls, 
as long as adequate filtration is used, such as a MERV 13 or higher filter in the HVAC system or an 
adequately sized portable air cleaner with HEPA filtration. However, information about the efficacy of 
this type of intervention is not available. 
 
Standards/Guidance for Outdoor Workers and Communities 
 

In addition to the workers who are directly involved with wildland fire management and 
suppression, workers are engaged in supporting the fire response (e.g., at base camp or evacuation 
centers) or in cleanup efforts (e.g., demolition crews). Many other workers continue to do their usual non-
fire-related outdoor jobs, such as agricultural workers, landscapers, utility workers, and park personnel, 
during an incident (EPA, 2021e). OSHA is the regulatory entity for employee health and safety, but in 
about half of US states, an OSHA-approved state program regulates nonfederal workplaces. 

Currently, three occupational standards specifically for wildland fire smoke exist in the United 
States (Table 6-5). On July 18, 2019, the California Safety and Health Standards Board adopted an 
emergency regulation for a California Division of Occupational Safety and Health standard to protect 
workers from hazards associated with wildland fire smoke (Navarro, 2020), which was revised and 
readopted in 2020 (Cal/OSHA, 2020). The State of Washington adopted a temporary rule in July 2021, 
and Oregon adopted a temporary rule in August 2021 (State of Washington, 2021; Oregon DCBS, 2021). 
Common features of these three rules include use of threshold AQI or PM2.5 values for smoke exposure 
reduction actions; exemption of some workplaces, such as workplaces involved in emergency response; 
use of direct-read PM2.5 monitors for ambient measurements; and stipulations for instrument accuracy and 
operation. To date, recommended standards and guidelines address particulate emissions (PM2.5) only, 
and not emissions of chemicals or combustion gases.  

Although no specific federal occupational standards for wildland fire smoke exist, federal 
occupational standards do exist for total dust and specific chemicals like benzene. These standards for 
toxic and hazardous substances are included in OSHA standard 19CFR1910 and include levels for long- 
and short-term exposure periods for work/industrial environments. These occupational standards are not 
applicable in nonindustrial environments or among the general public, for example, in schools, homes, or 
recreational spaces, where vulnerable populations exist. In these unregulated environments, guidance is 
often provided by organizations related to healthy buildings and healthy indoor environments. Key 
sources of such guidance are voluntary ASHRAE Standards (ASHRAE, 2020; ASHRAE, n.d.).  
 

TABLE 6-5 Occupational Wildland fire Smoke Standards 

Jurisdiction 
Threshold Value or PM2.5 
Concentration Action 

State of California AQI ≥ 151 (55.5 µg/m3) Implement engineering and administrative controls; provide respirators 
for voluntary use 

AQI ≥ 500 (500.4 µg/m3) Require respirator use 

State of Oregon AQI ≥ 101 (35.5 µg/m3) Develop training and communication programs; provide respirators for 
voluntary use 

AQI ≥ 201 (150.5 µg/m3) Implement engineering and administrative controls; require respirator use 

AQI ≥ 501 (500.4 µg/m3) Require respirator use; implement a respiratory protection program 

State of Washington 20.5 µg/m3 Develop information and hazard communication plan; encourage use of 
exposure controls 

55.5 µg/m3 Implement engineering and administrative controls; provide respirators 
for voluntary use at no cost 

SOURCE: Table adapted from EPA, 2022b.  
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Reducing Other Routes of Exposure 
 

While interventions to mitigate dermal exposure to firefighters working at wildland fires have 
been studied, the committee found no published studies related to mitigation to reduce dermal exposure to 
contaminants in other outdoor workers, fire recovery (cleanup) workers, and the general population. 
While there are engineering, administrative, or personal protective equipment controls that are potentially 
applicable to prevent and mitigate dermal exposure, there is a lack of published empirical evidence in this 
area. Individual fire incident reports, work-site monitoring data, and information from occupational safety 
agencies may provide opportunities for future epidemiological research and recommended mitigations to 
prevent potential exposure and protect worker health.  

No published studies are available on specific interventions designed to mitigate ingestion of 
contaminants related to WUI fires. Ingestion of contaminants emitted in fire smoke is most likely to result 
from post-fire exposure to contaminated water, either through fire emissions or leached chemicals from 
thermally degraded components of water systems. Therefore, increased monitoring, reporting, and 
potential treatment of drinking water for such contaminants has the potential to mitigate this exposure 
route. Ingestion may also be possible through dust- and ash-borne contaminants at homes or other indoor 
settings, depending on the scope of the post-fire remediation activities performed. Reducing indoor dust 
may mitigate potential ingestion of WUI fire–related contaminants. 
 

Health Risk Communication 
 

Risk communication is critical for minimizing harm to residents affected by any disaster. Studies 
on reducing human smoke exposure for all types of major fires have mostly been conducted through 
retrospective surveys of communities. Surveys have focused on determining awareness of smoke through 
health risk communications such as public service announcements (PSAs) and tying those health 
communication methods to any resulting action by a community or individual (Kolbe and Gilchrist, 2009; 
Mott et al., 2002; Sugerman et al., 2012). However, risk communication can help only to some extent. For 
example, while staying indoors is often advised by public health authorities to reduce exposure to regional 
smoke, staying indoors is not possible for people who have to work or travel outdoors during fire events, 
and people experiencing homelessness. 

Reviews by Xu et al. (2020) and Laumbach (2019) have found that engineering controls such as 
closing windows and doors or indoor air filtration can be effective (20−80 percent exposure reduction), as 
can administrative controls such as staying indoors and avoiding outdoor activities (~50 percent exposure 
reduction). These reviews and studies are limited by not clearly differentiating WUI and non-WUI fires, 
and by having limited information on the accessibility of exposure reduction actions (e.g., portable air 
cleaners) for vulnerable populations, such as low-income communities. 

Findings on the effectiveness of risk communication concerning fires also vary by study location, 
population, source of the communication, and levels of language- and culturally appropriate information. 
For example, if local radio and television broadcast disaster communications only in English, immigrants 
with limited English proficiency are language isolated. Studies show that Hispanic immigrants, especially 
those who do not speak or understand English well and who lack legal status, are less likely to be 
prepared for an emergency event (Eisenman et al., 2009; Burke et al., 2012). Trusted sources of 
information about health risks may come from community-based organizations and trusted social 
networks in some areas. 

Health care providers also play a critical role in advising patients on actions they can take to 
reduce exposure related to fires. EPA provides a training endorsed by the Centers for Disease Control 
(https://www.epa.gov/wildfire-smoke-course) for health care providers to better advise their patients on 
actions they can take before and during a fire to reduce exposure. The training includes information to 
help providers identify groups at greater risk from particle pollution in fire smoke and information on how 
to use the AQI to advise patients on how to reduce exposure and protect their health during periods of fire 
smoke. 
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CONCLUSION 
 

This chapter on exposures, adverse health effects, and mitigation provides an overview of the 
human impacts of WUI fires at spatial scales from the immediate up to the continental level. Many 
chemicals of concern for human health are generated in WUI fires and, through a variety of exposure 
routes, can be introduced to different populations. Some populations are more vulnerable to the impacts 
of WUI fire exposure than others, for a variety of reasons discussed here. There is limited information 
available on health effects that is specific to WUI fire exposure; therefore, the chapter takes an expanded 
look at what is known about chronic and acute health effects in the general population and for firefighters 
for the more well-studied cases of wildland fires and structural fires. Finally, the chapter presents some 
ways to reduce exposures that lead to health effects. 

An important common thread runs through the narrative: the need for more research specific to 
WUI fires. The committee hypothesizes that some conclusions can be drawn from what is known about 
wildland fires and structural fires. Still, the complexity and heterogeneity that is characteristic of WUI 
fires make them difficult yet important to study directly. The committee’s examination of the issues in 
this chapter led them to identify several findings as well as crucial research needs, which are highlighted 
throughout and reiterated in Chapter 8.  
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7 
Measurement of WUI Fires: Emissions and Exposures 

 
This chapter summarizes the measurements and data needed to improve the understanding of the 

chemistry of wildland-urban interface (WUI) fires and their emissions. Measurement systems and data are 
needed on fire detection, characterizing fuels and emissions, and exposure assessment, and to improve 
model prediction. While existing measurement techniques can provide much of the needed data, 
improved sampling and chemical analysis systems are needed to capture some of the features of fires at 
the WUI. The chapter concludes by emphasizing the need for coordination across disciplines to collect 
robust data that present an integrated picture of the chemistry of WUI fires. 
 

AN OVERVIEW OF DATA AND MEASUREMENT SYSTEMS FOR WUI FIRES 
 

Previous chapters have outlined the diverse data needs associated with understanding the 
chemistry of fires at the WUI, which range from collecting data on material characteristics of 
heterogeneous structures, to measuring the concentrations, exposures, and health impacts of large 
numbers of toxicants, many of which will be present at trace levels. Collecting much of this data is 
challenging, since the unique chemical signatures of WUI fires are distributed in complex ways in the fire 
plume. 

Data and measurement needs are also interconnected, as shown in Figure 7-1. Data on fuel 
compositions will determine combustion pathways. The chemical species formed during combustion will 
determine which atmospheric reaction pathways will be most important. The atmospheric chemistry and 
transport will determine the toxicants to which communities are exposed and the manner of the exposure. 
Exposures will determine health impacts. Because of this interconnection, coordinated collection of data 
and measurements, from fuel and emission characterization to exposures, will have the most value. 
Collection of data on chemical species over their entire cycle from emission to exposure will enhance the 
value of all of the data that are collected. 

Data and measurements are also needed on various timescales. Retrospective studies of materials, 
fires, emissions, exposures, and health impacts, both in the field and in laboratories, and via modeling, 
will be important to improve understanding of the chemistry of WUI fires. These types of studies will 
benefit from coordinated databases and information repositories that allow efficient sharing of 
information and methods. Some of the information repositories will also need to be broadly and rapidly 
accessible. For example, decision-makers charged with mitigating the impacts of WUI fires could utilize 
information on the types of combustible materials at the WUI to provide first responders and the public 
with information to mitigate exposure to toxicants.  

This chapter summarizes the data and measurement needs in each of the steps in the cycle shown 
in Figure 7-1, from emissions to exposures and impacts. The focus will be on the information needed, the 
limits of current measurements and data, and prospects for more extensive data collection. 
 

DETECTING AND DETERMINING THE AREAL EXTENT OF WUI FIRES 
 

Several federal agencies are involved in gathering wildfire statistics in the United States, 
including the National Interagency Fire Center (NIFC). Federal, state, local, and tribal land management 
agencies report information to the NIFC through established channels using Incident Management 
Situation Reports. The NIFC’s National Interagency Coordination Center compiles the statistics annually, 
and they are posted online at https://www.nifc.gov/fire-information/statistics (NIFC, 2022), along with 
daily news updates and other information. The US Fire Administration, an entity of the US Department of 
Homeland Security’s Federal Emergency Management Agency, also has a National Fire Incident 
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Reporting System at its National Fire Data Center, which compiles data. While this data collection 
encompasses both wildland fires and WUI fires, mapping tools, described in Chapter 2, can be used to 
convert comprehensive fire reporting to reporting specific to WUIs, if broadly accepted definitions of 
WUIs can be developed. 

Wildfires can also be estimated from satellite detection of fire energetics through thermal 
anomalies (commonly referred to as hot spots). These are pixels with temperature and energy above a 
threshold value, signifying an active fire. Thermal anomaly data can also be used to measure fire radiative 
power or fire radiative energy (the time-integrated fire radiative power) in combination with emission 
factors specific to ecosystem or land cover type to generate emissions estimates (Wooster et al., 2005). 
This top-down approach to emissions estimation can provide data in near real time so that it can be used 
in emergency response as well as in forecasting smoke impacts. However, delays may occur in burn area 
estimates depending on the data source of the fire radiative power. Fire radiative power can be derived 
from multiple instruments onboard multiple satellite platforms including the Moderate Resolution 
Imaging Spectroradiometer (MODIS) on polar orbiting satellites Terra and Aqua, the Visible Infrared 
Imager Radiometer Suite (VIIRS) on polar orbiting satellite Suomi National Polar-orbiting Partnership, 
and the Advanced Baseline Imager on geostationary satellites GOES-16 (covering the eastern United 
States) and GOES-17 (covering the western United States; GOES = Geostationary Operational 
Environmental Satellite; see Holloway et al. [2021] for more information on satellite data used for fires 
and air quality). Geostationary satellites can provide continuous data every 15 minutes, while polar 
orbiting satellites can provide data only during the satellite overpass (Chow et al., 2021). The trade-off 
with geostationary-derived data is a lower spatial resolution compared to data from polar orbiting 
satellites (Jaffe et al., 2020). 
 
 

 
FIGURE 7-1 The interdependence of multidisciplinary WUI fire research activities. 
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Combining satellite-derived data with retrospective analysis of burned areas may provide the 
highest accuracy for estimates of WUI burned areas. For example, the Incident Command System Form 
209 reports include information on the fire size and type from ground reports and helicopter perimeters. 
This information increases the spatial resolution and includes areas missed by satellites during cloud-
obstructed times or due to fires not coinciding with the satellite overpass, resulting in a more complete 
burned-area data set (Larkin et al., 2020).  

 
MEASURING FUELS AND ESTIMATING EMISSIONS 

 
Gathering Data on Fuels for WUI Fires 

 
The fuel loading and consumption for WUI fires are highly heterogeneous and are currently 

almost always determined through retrospective analysis (e.g., California Department of Forestry and Fire 
Protection or National Institute of Standards and Technology post-fire damage assessments). For wildfires 
burning on wildlands, fuel information is typically derived from satellite imagery and augmented by field 
surveys. Fuel loading data sets derived from satellite imagery are highly uncertain and may not be able to 
detect the ground fuels obscured by the tree canopy (Peterson et al., 2022; Kennedy et al., 2020). These 
fuel loading data sets may identify urban areas as unburnable and thus not include any structural or 
vehicle materials as a “fuel.” Current practice does not estimate WUI fire emissions, and new 
methodology is needed to estimate emissions from the types of mixed fuels important at the WUI. 
Satellite data sets on buildings may be one way to develop a bulk structure loading data set comparable to 
the systems available for mapping wildland fuel loading. However, information on the elemental 
composition of WUI materials and surveys of the materials in WUI areas are still needed. 
 

Research need: Data sets are needed on the materials loadings and compositions in WUI 
communities. 

 
Estimating WUI Plume Characteristics and Emissions for Forecasts 

 
Predictive models are important information in providing public health guidance (Chapter 4) and 

measurements play a critical role in evaluating predictive models; measurement versus model 
comparisions provide important insights as to what measurements are most critically needed and an 
assessment as to whether key processes are missing from the models. Ye et al. (2021) recently evaluated 
the forecasting ability of 12 smoke models for a case study on a single wildland fire. They found that all 
of the models underpredicted the amount and extent of the plume and that surface concentrations of fine 
particulate matter (PM2.5) were both overpredicted and underpredicted. These biases were attributed to 
uncertainties in the emissions and the vertical distribution of the plume. This study provides some insight 
into where measurement efforts, in coordination with modeling, could be focused to integrate WUI fires 
into smoke forecasting. 

The data required to estimate WUI plume characteristics and emissions draw upon many different 
data sources of fuels and burned areas and are paired with smoke models to estimate the amount of fuel 
consumed and combustion conditions. These smoke models rely on empirical estimates of various 
parameters, like fuel consumption by phase or plume rise, while other models employ physics-based 
algorithms to generate estimates (Chow et al., 2021). Computational fluid dynamics models have only 
recently been developed to include emission chemistry (Josephson et al., 2020) but remain too 
computationally intensive to be used for large spatial domains and are limited to retrospective analysis. 
Approaches have independently been developed to estimate emissions from structure and vehicle fires 
(not in the WUI fire context) using conventional emission inventory methodologies relying on activity 
data, fuel loadings, and emission factors. The methods used to estimate emissions described by the 
California Air Resource Board (CARB; Lozo, 1999) and by the SP Technical Research Institute of 
Sweden (SP; Blomqvist and McNamee, 2009) involve a range of assumptions. 
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The CARB 1999 method uses constant values for fuel loading, consumption, and emission 
factors, and determines emissions based on activity data in the form of the number of structures or vehicle 
fires. The amount of fuel loading is estimated from the average monetary damage claimed in home fires 
in comparison to the average value of a California residence in 1991. The method assumes an average 
home size of 1,649 ft2 with 11 tons of lumber, and thus a combustible content of 7.9 lb/ft2. Emission 
factors for CO, SOx, total organic gas, and particulate matter are taken from emissions measurements 
from fires of model wood buildings (Butler and Darley, 1972). The NOx emission factor is derived from 
municipal refuse (EPA, 1995).  

The CARB approach can be contrasted with the SP approach (Blomqvist and McNamee, 2009), 
developed for fires in residences, schools, and vehicles. In the SP method, the structure fuel load is 
constant while the content loading depends upon the square footage. The SP method uses an assumed 
constant distribution of material type (e.g., wood, polyvinyl chloride, rubber) for the structure and 
contents and applies fuel-specific emission factors derived from Research Institute of Sweden (RISE) 
emission measurement studies. The SP method also assumes that different amounts of the combustibles 
are consumed depending on the size of the fire, with 5 percent of the internal materials consumed when 
the fire is limited to one room, 35 percent of the internal materials and structure consumed when the fire 
is limited to several rooms, and 80 percent of the internal materials and structure consumed when the fire 
spreads to other buildings. 

Neither of these methods makes any attempt to specify combustion conditions, which can 
strongly impact emissions, as described in Chapter 3. Chapter 3 also documents that emission factor data 
sets used in each method have limited chemical information and do not reflect realistic mixtures of urban 
and wildland fuels or WUI fire conditions. Additionally, these methods do not estimate the heat release 
rate, which is a critical factor determining plume rise and atmospheric dispersion. 

In addition to the retrospective approaches described above, satellite measurements of fire 
radiative power could detect WUI fires and be included in top-down emission estimates. However, these 
approaches often use constant emission factors that are applied broadly across land types and therefore 
would not distinguish between emissions from structures and those from vegetation. As described in 
Chapter 3, unique emissions from structure fires or vehicles are not captured in current top-down 
estimates. 
 

Research need: There is a need to update the descriptions of fuel classes to include urban 
components in areas where WUI fires are common, to develop a methodology for top-down 
estimates to include the chemistry of burning structures and vehicles in the WUI, and to improve 
bottom-up emission estimation methodologies for WUI fires. 

 
MEASURING EMISSIONS IN THE FIELD 

 
Measurements of the composition of emissions from fires are made at a variety of spatial and 

temporal scales. Some of the measurement platforms that have been used in the near vicinity of fires are 
shown in Figure 7-2. Platforms include vehicles, aircraft, unmanned aerial systems, fixed or mobile 
ground instruments, instruments mounted on towers, and satellites. The instruments deployed on these 
platforms vary depending on the power, space, and weight of the instrument hardware, as well as the 
scientific objectives of the measurement campaign. An example of an advanced instrument package for a 
large aircraft is provided by the National Center for Atmospheric Research (NCAR-UCAR, 2018). There 
is a major distinction in the available measurement capabilities between long-term monitoring provided 
by ambient networks and satellite measurements and monitoring from intensive research efforts that may 
be limited to a few weeks, months, or years during a specific study period. Although brief research studies 
can provide extremely valuable information, the data must generally be extrapolated across larger 
geographical and temporal scales outside of the study region and duration. 
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FIGURE 7-2 Measurement platforms for fire detection and emissions characterization. The 
measurements taken by the two satellite platforms are listed at the left. 
 
 

The measurement platform often determines the spatial and temporal resolution and the 
compounds that can be measured. For example, geostationary satellites measure continuously but have 
limited spatial resolution and are currently limited to measures such as fire radiative power and aerosol 
optical depth. Polar orbiting satellites are able to resolve plume heights, vertical profiles, and 
concentrations of CO, NO2, CH4, and SO2 (Jaffe et al., 2020). Remotely sensed plume heights or 
pollutants can be measured by polar orbiting satellites only when the satellite overpass coincides with the 
fire. As a recent example, the Tropospheric Emissions: Monitoring of Pollution (TEMPO) instrument is 
anticipated to launch in November 2022 and will have spatial resolution as high as 2.0 × 4.75 km2 and 
temporal resolution of 10 minutes or less. TEMPO will be able to monitor pollutants that may be 
important for WUI fires like NO2, SO2, HCHO, CHOCHO, and BrO and to measure aerosol optical depth, 
absorbing aerosol index, and single-scattering albedo, all of which may be useful for detecting WUI fires 
apart from other wildland fires (Naeger et al., 2021). TEMPO will have the capability for “near-real-time 
emission updates to improve air quality forecasts in modeling systems such as the experimental Rapid 
Refresh with Chemistry (RAP-Chem) model.” Additional future satellite missions like the National 
Oceanic and Atmospheric Administration’s Geostationary Extended Observations (GeoXO) and GOES-T 
may also increase the ability to track WUI fire smoke plumes. 

 
Finding: Future satellite platforms will provide high spatial and temporal resolution of some 
chemical constituents that may be useful for tracking emissions from WUI fires. 
 
Recommendation: WUI fire researchers and smoke forecasters should capitalize on advanced 
satellite measurements and participate as stakeholders to shape future satellite missions and data 
products. 
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Other mobile platforms like aircraft and instrumented vehicles can measure a much wider suite of 
pollutants, including continuous measurements of particulate matter, volatile organic compounds (VOCs), 
and inorganic gas (HCl, HF, etc.) concentrations. Unmanned aerial systems are increasingly used to 
measure fire emissions, but due to payload limitations and battery requirements, they can measure only a 
few compounds continuously, and they measure most emissions through batch samplers, so that 
emissions may not all be sampled simultaneously (Aurell et al., 2021). 

 
Finding: Even with large aircraft and advanced instrument platforms, the spatial, temporal, and 
chemical coverage of fire plumes from any single measurement platform is limited.  
 
To provide more spatial, temporal, and chemical coverage, multiple instrument platforms can be 

deployed, as shown in Figure 7-2. These coordinated deployments require extensive planning and yet 
must be deployed quickly to fire locations. The expense and difficulty of these campaigns mean that 
relatively few fires have been characterized with highly coordinated measurements. Recent examples are 
the Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN) 
and Biomass Burn Observation Project (BBOP), which have largely been limited to aircraft 
measurements in smoke plumes. Some campaigns have focused on prescribed burns to allow for more-
detailed advanced planning and a much larger range of data collected, particularly on the fuel 
composition, consumption, and fire behavior. Examples are the Prescribed Fire Combustion-Atmospheric 
Dynamics Experiments (Rx-CADRE) and the Fire and Smoke Model and Evaluation Experiment 
(FASMEE); however, these types of measurements are necessarily restricted to wildland fires. Fire 
Influence on Regional to Global Environments and Air Quality (FIREX-AQ) is an example of a multi-
platform interdisciplinary approach to investigating wildfire smoke that may be a model for future efforts 
for measuring smoke from WUI fires. However, any future campaigns may require an extended 
commitment to ensure readiness not just during the traditional fire season (since WUI fires can occur at 
any time in the year), but also through multiple years to allow for the episodic nature of WUI fires. 

Making measurements of the portions of fire plumes that come from the WUI becomes even 
more challenging. Many WUI fires occur during a very short time frame, often within the span of 24 
hours, and the response during that time focuses on preventing loss of life and on defensive actions to 
protect structures. This rapid evolution of the fire reduces opportunities to capture air emissions from 
active phases of the fire. However, post-fire assessments are more feasible for measuring emissions from 
residual smoldering and the composition of deposited ash, residues, soil, and water samples. The National 
Institute of Standards and Technology has developed methods for collecting data in the field that are 
integrated into the Incident Command System, including pre-fire training with local partners, which 
enables rapid (<48 hour) approval of research studies and deployment of study teams into WUI areas 
(Maranghides et al., 2011). 
 

Finding: WUI fires evolve rapidly, and emergency response activities may limit the ability to 
deploy and measure emissions from the active phases of the fire. 
 
While field measurement campaigns characterizing wildland fires and WUI fires have limitations, 

they remain an essential tool for advancing the scientific understanding of wildland and WUI fires. 
Significant expansion of the data sets on WUI fires will require both continued commitment to existing 
measurement platforms, and identifying mechanisms for more deployment of instrumentation operating at 
multiple scales. 
 

Research need: There is a need to develop planned research activities that can be integrated into 
the Incident Command System before an emergency event to facilitate rapid deployment of the 
measurement of emissions, residues, and environmental impacts from WUI fires. 
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Because of the limitations of field measurements of emissions from wildland and WUI fires, and 
because of the wide variety of fire conditions and fuels that may lead to emissions, laboratory 
investigations of wildland fire emissions, urban fire emissions, and mixed wildland and urban fire 
emissions play a critical role in understanding the chemistry of these fires. These research needs are 
described in Chapter 3. 
 

MONITORING EMISSIONS USING CONTINUOUS/AMBIENT NETWORKS 
 

Over larger spatial and longer temporal scales, fixed monitoring networks, which have been 
deployed for other purposes, can provide information about the large-scale dispersion of fire plumes. For 
example, a large number of continuous air quality monitoring stations (CAMSs) are operated throughout 
the United States by the federal, state, and local governments to assess compliance with National Ambient 
Air Quality Standards (NAAQS). Because these CAMSs are aimed at assessing NAAQS compliance, 
they are concentrated in urban areas, and measurements focus on criteria air pollutants such as ozone, 
particulate matter, and their precursors (e.g., oxides of nitrogen and VOCs), often on an hourly basis 
(Scheffe et al., 2009). Despite this limited chemical scope, these networks provide important information 
about the extent of exposure to fire plumes. A limited number of these CAMSs have specific routine 
measurements aimed at identifying the contributions of biomass burning to measured concentrations. For 
example, the State of Texas deploys instruments to measure the brown carbon component of particulate 
matter at multiple CAMS sites to assess contributions of biomass burning (Sheesley et al., 2019; Guagenti 
et al., 2019). 

In addition to CAMS sites, several other ambient monitoring networks measure a larger range of 
chemical compounds and may be better equipped to detect the potentially unique chemical nature of a 
WUI fire plume. The national networks have widely available data for a limited number of locations, but 
many states and local agencies maintain other environmental monitoring networks that measure a variety 
of chemical species in different environmental matrices (air, water, and soil samples), with varying spatial 
and temporal coverage. Data from state and local measurements may not be available publicly but can 
often be obtained by request. 

The national networks often operate on a sampling schedule, limiting their ability to capture 
transient WUI fire plumes. Most air monitoring networks sample for one 24-hour period on a multiday 
schedule (e.g., 1 day every 3 days, called 1-in-3). The critical review by Hidy et al. (2017) provides a 
description of air quality monitoring networks, the compounds they measure, and network design and 
operation in more detail. Table 7-1 lists some of these national air monitoring networks and their details. 
These types of platforms could be used to expand sampling capabilities for fires, taking advantage of the 
power, communication, and other infrastructure available at these sites. The opportunities for expanded 
sampling could also be extended to include national networks for other environmental media, and state 
and local networks.  

Much of the continuous measurement data from national networks is available in near real time 
and assembled in databases by the US Environmental Protection Agency (EPA). Measurements that 
require extensive chemical analysis are available several months to a year after the sample was originally 
taken. These measurements follow established EPA methods and quality assurance procedures that ensure 
the validity of the data. EPA maintains standard measurement methods for a large number of chemical 
compounds in different environmental matrices (e.g., Compendium of Methods for the Determination of 
Toxic Organic Compounds in Air) that may need readily applied or adapted WUI fire measurements. 
 Ambient monitoring networks provide insights into ambient concentrations associated with total 
fire plumes but are generally not able to distinguish the contributions from fires at the WUI. However, 
they provide valuable data that can be used to evaluate the performance of air quality models or for 
studies that examine the sources of emissions and the amount from each source, to constrain estimates of 
emissions from WUI fires. 
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TABLE 7-1 Nationally Supported Ambient Air Monitoring Networks 
Monitoring Network Target Species Siting Environment Approximate Number of Sites Sampling Schedule Purpose 

National Air Toxic Trends 
Station (EPA, 2021a) 

Hazardous air pollutants 
(VOCs, carbonyls, metals, 
polycyclic aromatic 
hydrocarbons [PAHs]) 

Mostly urban, limited rural 26 1-in-6 or 1-in-12 Regulatory effectiveness 

Chemical Speciation Network 
(EPA, 2021b) 

PM2.5 mass and chemical 
composition 

Urban 150 1-in-3 or 1-in-6 Long-term air quality 
trends 

Interagency Monitoring of 
Protected Visual 
Environments (IMPROVE) 
(IMPROVE, 2022) 

PM2.5 and coarse particulate 
matter (PM10) chemical 
composition 

Rural 110 1-in-3 Long-term visibility 
trends 

National Core Monitoring 
Network (EPA, 2016) 

PM2.5 mass and chemical 
composition, O3, CO, SO2, 
reactive nitrogen 

Urban and rural 78 1-in-3 Scientific research 

Clean Air Status and Trends 
Network (EPA, 2021c) 

PM2.5 mass, ammonia, acidic 
gases, ions 

Rural 100 1-in-7 Long-term acid 
deposition trends 

Atmospheric Science and 
Chemistry Measurement 
Network (GATech, 2021) 

PM2.5 chemical composition 
and size distribution 

Urban and rural 12 Continuous Scientific research 
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Multiple limitations to the current monitoring networks impede the characterization of WUI fire 
plumes. Most important are the limited spatial and temporal coverage of detailed chemical speciation 
measurements. Most monitoring sites are in urban areas distant from wildlands that may be less likely to 
be impacted by a WUI fire plume. Additionally, these networks were designed to monitor long-term 
trends, and the scheduled sampling time may not coincide with when a plume impacts the site. Samplers 
may lose power due to the fire or become overloaded due to high concentrations. 
 

Finding: Some ambient monitoring networks measure an extensive range of hazardous air 
pollutants that may be useful to identify the environmental impacts of WUI fires; however, these 
networks have limited spatial and temporal resolution. 

 
In addition to the permanent monitoring programs described above, US states and the US Forest 

Service operate temporary monitoring programs through the Interagency Wildland Fire Air Quality 
Response Program (USFS, 2021). These deployments target areas where smoke impacts are anticipated 
and where few or no monitoring stations exist. After the 2018 Camp Fire, the California Air Resources 
Board identified the need for portable samplers for particulate matter and hazardous air pollutants for 
specific wildfire events in addition to increasing the sampling frequency and duration in monitoring 
networks (CARB, 2021). 
 

Research need: Identify possible expansions of the capabilities of national, regional, and local 
monitoring networks that would enhance information regarding fire emissions and exposures. 
Evaluate the capabilities and information that could be provided by permanently deployed 
equipment and equipment that might be portable and deployed on an as-needed basis.  

 
ASSESSING EXPOSURE 

 
As discussed in Chapter 6, exposure is contact with a substance (e.g., WUI fire emissions) via 

inhalation, ingestion, or touching of the skin. Therefore, emissions data and ambient environment 
monitoring data to estimate exposures need to be supplemented with the spatial and temporal patterns of 
human contact to estimate human exposure. Exposure measurement represents individual experience and 
can capture the intra- and inter-individual variability of impacts within a population. This more accurate 
representation can be especially important in the case of the dynamic emissions and transport in WUI 
fires. Thus, exposure measurement is applicable for constructing exposure-response relationships, 
determining thresholds for exposure controls, and assessing the effectiveness of interventions to reduce 
exposures. 

Exposure is often represented as the concentration of the substance in the relevant environmental 
matrix/matrices at the location(s) where contact is being made, and its quantification may also take into 
account the frequency and duration of contact (EPA, 2021d). Measurements of human exposures to 
environmental contaminants including WUI fire emissions can be conducted through area, personal, and 
biological monitoring. 

Area monitoring for airborne contaminants involves the sampling of air with monitoring 
equipment at specific indoor or outdoor locations. This is analogous to the collection of samples of water 
or soil with which persons may interact. Such monitoring discounts the possibility that individuals may 
interact with multiple microenvironments with varying fire emission concentrations during and after WUI 
fires. 

Personal monitoring eliminates this limitation because of the placement or direct application of 
the monitoring equipment on the individual. While this approach has been used for firefighters at 
wildland and structural fires, the unplanned and chaotic nature of fires almost entirely precludes its use 
for the general population. It can also be impractical due to the cost of implementation for a large 
population and the intrusiveness that may accompany the wearing of monitoring equipment that may be 
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bulky and/or noisy. However, personal monitoring of first responders such as firefighters is a reasonable 
option that should be considered. 

Rather than the external concentration that is measured with area and personal monitoring, 
biological monitoring (biomonitoring) involves the measurement of biomarkers, which are substances 
(e.g., fire emissions or their metabolites) in biological fluid or tissue that are indicative of exposure. While 
they may more accurately represent internal exposure, biomarkers (e.g., urinary hydroxylated PAHs) that 
have been used to assess exposures to wildland and structural fires are nonspecific and may be due to 
exposures from other sources. They also do not discriminate between exposure routes (inhalation, 
ingestion, or dermal absorption) and are subject to inter-individual variability in their biokinetic behavior. 

Regardless of whether area, personal, or biological exposure monitoring is employed, exposure 
measurement involves sampling the matrix containing the analyte used for quantifying exposure and its 
instrumental analysis. Methods of sampling for WUI fire emissions are summarized below.   
 

Air Sampling 
 

Generally, sampling for airborne contaminants including WUI fire emissions can be achieved (1) 
passively by relying on diffusive air flow through a medium that is used to abstract the contaminant from 
the airstream or (2) actively by pumping air at a specified flow rate through the medium. Published 
methods for known WUI fire emissions require active sampling, with an exception being the National 
Institute for Occupational Safety and Health (NIOSH) Method 6700 for NO2. 

The medium used for sampling depends on the physical and chemical characteristics of the 
contaminant. Particulates including fine particles, asbestos, and metals are sampled for analysis using 
filters of various membrane materials (e.g., Teflon and polyvinyl chloride). Gas-phase contaminants, 
including ammonia, inorganic acid and asphyxiant gases, ozone, and VOCs, are sampled by adsorption to 
(e.g., NIOSH Method 1501 for aromatic hydrocarbons including benzene) or reaction with (e.g., 
Occupational Safety and Health Administration [OSHA] Method ID-214 for ozone) a solid material, or 
by reaction in a solvent contained in an impinger (e.g., NIOSH Method 3500 for formaldehyde). Semi-
VOCs are sampled using a combination of filters and sorbent material (e.g., NIOSH Method 5515 for 
PAHs). Whole air samples can also be actively sampled into containers including evacuated canisters and 
sampling bags (e.g., NIOSH Method 3900 for VOCs). 

Although area and personal air monitoring data might represent more accurate exposure 
information, it is difficult to put resources in place to collect such data for the unplanned, relatively short 
and episodic air pollution that is caused by WUI fires. Therefore, such data are not typically available. 
 

Soil, Water, and Surface Sampling 
 

Soil, ash, and water for instrumental analysis of WUI fire emissions can be collected from an 
area/environment that is accessible to individuals by discrete or composite sampling of bulk material into 
appropriate, precleaned containers. Equipment used to retrieve such samples include the trowel and auger 
for soil, brush and spoon for ash, hand-held and weighted bottles for surface water, and bailers and 
bladder pumps for ground water. Some automation may be involved in some of the soil and water 
sampling procedures. 

Settled dust on smooth, nonporous surfaces can be sampled for WUI fire emissions using wipes 
made from various materials including polyester, polypropylene, polyvinyl alcohol, and polyester plus 
cellulose (OSHA, 2001). The wipes are prewetted, for example, with water for sampling metals (e.g., 
OSHA Method ID-206) or with organic solvents for sampling organics (e.g., American Society for 
Testing and Materials [ASTM] Standard Practice D6661-17 [ASTM, 2017]). As an example, Hwang et al. 
(2019) used Alpha Wipes prewetted with isopropyl alcohol for sampling various surfaces in fire vehicles 
of structural firefighters for PAHs (Hwang et al., 2019).  

Vacuuming can be used to sample settled dust from the floor and porous surfaces (e.g., ASTM 
Method D5438). Micro-vacuuming settled dust onto a filter membrane cassette is an alternative approach 
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and is especially applied for sampling for non-airborne, settled asbestos (ASTM Method 5755). However, 
soil, water, and surface monitoring data often indicate potential exposure and may not accurately 
represent actual exposure. While the lack of baseline measurements can hamper the applicability of soil, 
water, and surface monitoring for exposure assessment (Murphy et al., 2020), post-fire longitudinal 
monitoring can inform studies about changes in potential exposure to WUI fire–mediated pollution, as 
demonstrated in a study of the watersheds impacted by the Horse River Fire (Emmerton et al., 2020). 
 

Sampling for Dermal Absorption 
 

Sampling of clothing and the skin with the same wipe materials and wetting agents that are used 
for surface sampling can be used for dermal exposure assessment. Corn oil has also been used as a 
wetting agent (Fent et al., 2017; Fent et al., 2014). Skin and/or cloth wipes have been used to sample for 
PAHs among structural and wildland firefighters (Fent et al., 2014; Fent et al., 2017; Cherry et al., 2021; 
Banks et al., 2021) and dioxins, furans, and flame retardants among structural firefighters (Fent et al., 
2020). Passive sampling by the placement of an adsorbent, silicone-based wristband or dog tag placed 
under firefighting clothing (Poutasse et al., 2020; Baum et al., 2020; Caban-Martinez et al., 2020), and 
tape stripping of the skin, have also been used to assess PAH exposure among structural firefighters 
(Sjostrom et al., 2019; Strandberg et al., 2018). However, the need to compare with a baseline, to 
adequately determine exposure, limits the applicability of these dermal sampling approaches to unplanned 
wildland and WUI fire events. Furthermore, standardized methodology and dermal exposure standards are 
lacking. 
 

Biological Sampling 
 

Blood, exhaled breath, and urine have been used for the biomonitoring of structural and wildland 
firefighters in many recent studies (Fent et al., 2019; Ekpe et al., 2021; Fent et al., 2014; Mayer et al., 
2021; Adetona et al., 2017; Shaw et al., 2013). Urine and exhaled breath are the preferred biological 
fluids for short-lived and readily excretable biomarkers that are used for biomonitoring acute exposures 
such as PAHs and benzene (Fent et al., 2019; Fent et al., 2014; Adetona et al., 2017). Such monitoring 
often needs a baseline comparison and timely collection of samples. Long-lived and/or lipophilic 
biomarkers that reflect cumulative chronic exposures such as polychlorinated biphenyls, brominated 
flame retardants, perfluoroalkyl substances, dioxins, and furans are typically measured in the blood (Ekpe 
et al., 2021; Shaw et al., 2013; Park et al., 2015). Since these biomarkers are nonspecific, their use for the 
biomonitoring of exposure to WUI fire smoke may be confounded by other sources of exposure. 
However, this limitation can partially be addressed by collecting and comparing pre- and post-exposure 
samples. Biomonitoring also can afford the opportunity to be efficient in the evaluation of exposures and 
toxic effects in the same biological fluid.  
 

Instantaneous Monitoring by Direct Reading Instruments  
 

Direct reading (instantaneous monitoring) instruments that sample, perform instrumental analysis, 
and read out almost instantaneously are available for various WUI fire emissions. Examples include 
single- or multiple-sensor monitors that are used for many inorganic gases, and the electrochemical sensor 
that is the specified technique in NIOSH Method 6604 for CO monitoring (Wu et al., 2021). Other 
examples include a nondispersive infrared monitor for CO2 monitoring, portable gas chromatograph / 
photoionization detector analyzer for VOC measurement, X-ray fluorescence analyzer for in situ 
measurement of metals in soil, and real-time meters that are used to measure general water quality 
parameters such as turbidity, total dissolved solids, and dissolved oxygen. 

Many of these instruments can be used for both area and personal monitoring since they are 
portable. Continuous or integrated monitoring can also be conducted with instantaneous monitoring 
instruments that are equipped with data loggers. CO from exhaled breath, a biomarker, has also been 
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measured among wildland firefighters using direct reading monitors (Dunn et al., 2009; Miranda et al., 
2012). However, many of these instruments are susceptible to interferences, may not be accurate, and 
have relatively low sensitivity and high limits of detection (Spinelle et al., 2017). 
 

Exposure Modeling  
 

Modeling can potentially be used to improve exposure estimates that are obtained from area and 
personal monitoring. Statistical models such as land use regression, geographically weighted regression, 
and random forest have been used to estimate PM2.5 concentration across space based on measurements 
from stationary regulatory ambient air monitoring stations, including during a WUI fire (Mirzaei et al., 
2018; Vu et al., 2022; Gan et al., 2017). Such modeling allows for the spatiotemporal variability in 
concentrations to be better captured and has been used in the assessment of exposure-response 
relationships related to wildfire-impacted air quality (Gan et al., 2017). These models can include 
meteorology and land use variables, population density, and satellite-based pollution data as independent 
variables, with ground-level measurements as the dependent variable. 

These models can be adapted for use with area monitoring, as has been demonstrated using data 
from the crowdsourced network of low-cost direct reading PM2.5 PurpleAir sensors (Lu et al., 2022). 
Moreover, model predictions were improved when the ambient regulatory data and the crowdsourced, 
area-monitoring data were both used in the models (Vu et al., 2022; Lu et al., 2022). 

Even so, measurements based on personal and enhanced area monitoring still have limitations and 
do not incorporate exposure factors that are important causes of variability in exposure. As previously 
noted, area monitoring assumes a similar frequency and duration of exposure across different 
microenvironments, and both approaches do not incorporate factors that determine the uptake of 
contaminants, such as inhalation rate and gas absorption, or particle deposition rates for inhalation 
exposures. When appropriate, the integration of these factors with monitoring data will result in more 
accurate estimations of exposure, improved definition of susceptible and vulnerable populations, more 
refined strategies for exposure control, and better testing of these strategies’ effectiveness. 
 

Research need: There is a need to identify new biomarkers that are more specific for WUI fires 
and can be used for exposure and toxicity assessment. 

 
SAMPLING AND ANALYTICAL METHODS 

 
From fuels and emissions to exposures, measurement approaches and data rely on advanced 

analytical techniques. Despite recent advances in analytical chemistry, little progress has been made in the 
determination and analysis of fire emissions. The major limitations are near-field access to fires and the 
complexity involved in sampling and measuring fire emissions (Stec, 2017). 

The choice of sampling method and analytical method to characterize airborne contaminants at a 
fire incident depends on the physical nature of the airborne samples (i.e., vapor and/or aerosol), the 
estimated concentrations of contaminants, and any potential interactions with or interferences from other 
contaminants. Characterization of the fire environment is therefore based on the identification of which of 
these predefined compounds is considered to be the most significant or major component of the smoke. 
The choice of specific chemicals to monitor is also based on the availability of methods that reliably 
collect and analyze air-contaminant samples in the fire environment. Therefore, sampling and analysis 
focus on relatively simple analytes (or groups of analytes) of concern. 

Over the last few years, the use of low-cost screening devices and sensors has increased. The 
most common are optical particle counters for measuring the size distribution of particles (particulate 
matter, such as PM1, PM2.5, and PM10), electrochemical sensors (for CO, O3, NO, HCl, HBr, NO2, SO2, 
H2S, VOCs, etc.), photoionization detectors, and infrared spectral photometers. While most of these 
sensors are portable and user-friendly, several limitations need to be considered. These include cross-
sensitivity, interference from environmental effects (wind, rain, etc.), baseline drift, linearity, and 
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dynamic range. Selectivity of the analytical method (i.e., avoiding matrix effects and/or interference from 
other fire species), sensitivity, limits of detection, and quantification, to name a few major issues, also 
need to be carefully considered when selecting from the large number of analytical methodologies. 

 
Research need: There is a need to develop new analytical capabilities for measuring a wide 
variety of chemical, particle, and biological indicators of toxicants in emission, exposure, and 
health effects studies. 
 
Research need: There is a need to optimize analytical methods for field deployment and 
increased accessibility. 

 
COORDINATING MEASUREMENTS OF WUI FIRES 

 
Some types of data discussed in this chapter characterize the fires and the fuels that are 

combusted. Other types of data are direct field measurements of WUI fire emissions at a variety of spatial 
scales. These field measurements complement data from controlled laboratory experiments where fuel 
and fire conditions can be systematically examined and where a greater variety of chemical measurements 
can be deployed than are available for field studies. Data on the fate, transport, and transformation of 
emissions need to be coupled with data that characterize human exposure, including personal exposure 
measurements and biomonitoring. Because each of these data elements informs other elements, data 
collected in a coordinated way are most valuable. 
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8 
The Future of WUI Fire Research 

 
Wildland-urban interface (WUI) communities are growing rapidly, and the threat of severe fires 

in these communities is also growing. WUI fires vary in their characteristics and include large wildland 
fires that burn communities in their path, and fires of smaller spatial extent in intermixed wildland and 
urban areas. Despite their varied characteristics, WUI fires have the common characteristics of fuel mixes 
that are distinct from both wildland and urban fires, and a combustion chemistry that is spatially and 
temporally heterogeneous. These unique characteristics of WUI fires can lead to toxicants and exposures 
that are largely uncharacterized. 
 

Earlier chapters in this report identified research needs for WUI fires that include the following: 
● Identifying at-risk communities and vulnerable populations and evaluating interventions 
● Characterizing fuel types, combustion characteristics, and emissions 
● Defining the chemistry of toxicants from WUI fires in air, in water, and on land, including ash 

and debris 
● Predicting the multimedia transport and transformation of WUI fire toxicants  
● Identifying and quantifying toxicant exposures and health impacts resulting from WUI fires 

 
This chapter summarizes and prioritizes those many research needs into a research agenda. To be 

most effective, the research agenda should be carried out with multidisciplinary teams who integrate work 
that ranges from hazard identification and emission characterization to measurement of exposures and 
health outcomes. 

Figure 8-1 maps this range of WUI fire–related research activities and their interdependences. As 
shown in the figure, WUI communities at significant risk of fire need to be systematically identified, 
along with vulnerable populations. Once communities are identified, the potential fuels in those 
communities can be identified and characterized, including an analysis of how those characteristics vary 
among different populations. Laboratory and field measurements are needed to improve understanding of 
the combustion conditions that these fuels are exposed to. The fuels and combustion conditions can help 
reveal important multimedia chemical pathways of toxicant formation in WUI fires. The toxicant 
formation pathways, in turn, influence the transport and transformation of toxicants as they leave the 
immediate fire plume and their chemical evolution over time. The transport and chemical evolution of the 
pollutants, and the distribution of vulnerable populations, will determine potential exposures and health 
outcomes. These potential exposures and health outcomes must be related back to an understanding of the 
at-risk communities and vulnerable populations. 

Implementing an effective research agenda will be challenging. While fundamental data relevant 
to wildland and urban fires have been collected for decades, understanding the combustion of mixed 
wildland and urban fuels requires new fundamental information that is not currently available. The 
variability in WUI communities and the types of fire hazards that communities and vulnerable 
populations are exposed to spans a wide range. Building a comprehensive and fundamental body of 
knowledge on WUI fires will require a long-term effort. 

Field studies of WUI fires, involving both measurements and modeling, are needed to develop a 
shorter-term understanding and to direct longer-term research efforts. Field studies that characterize fires 
at the WUI will be challenging, however, because the interface, by definition, is just one part of the fire. 
Collecting data in targeted WUI areas of rapidly evolving fires is difficult and may require new research 
approaches. Field studies are essential, however, and need to be implemented despite these challenges. 
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FIGURE 8-1 The interdependence of multidisciplinary WUI fire research activities. 
 
 

Finally, the better understanding of WUI fires that will emerge from the research agenda needs to 
be made relevant to both decision-makers addressing WUI fires and their aftermath, and the public 
seeking to minimize toxicant exposures and health impacts. Measurement and modeling tools are needed 
to predict and quickly assess WUI fire chemistry, toxicant formation, and potential exposures. The 
effectiveness of interventions to minimize potential exposures also needs to be assessed. 
 

Recommendation 1: To understand the chemistry, exposures, and health impacts of toxicants 
resulting from WUI fires, researchers and agencies that fund research should implement an 
integrated, multidisciplinary research agenda. Agencies funding, and investigators performing, 
research on WUI fire emissions should coordinate their research plans, and they should create 
widely accessible repositories for data and information relevant to WUI fires. 

 
RESEARCH AGENDA 

 
Tables 8-1 and 8-2 summarize the multidisciplinary research agenda recommended by the 

committee. In Table 8-1, the committee has summarized and prioritized research needs identified in the 
chapters of this report. The committee has organized research needs into four primary areas (columns) 
and three complementary approaches (rows). There is also an overarching research need (collecting WUI-
specific data) that spans all of the primary areas (columns). This condensed list of research needs was 
created both by combining multiple, detailed research needs appearing in individual chapters, and by 
identifying the research needs that the committee identified as high priority. The factors and criteria used 
in establishing the high priority needs are described in more detail in Table 8-2. 
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TABLE 8-1 Research Priorities for Fires at the Wildland-Urban Interface (WUI)  

 Fuels and emissions 
Chemistry, transport, and 

transformations Exposure and health Measurement science and analytics 

Collecting WUI-
specific data 

Assemble data on fuels, emissions, chemistry, transformations, exposures, and health impacts that are attributable to fires at the WUI, differentiated from 
wildland fires and urban fires, which will require novel measurements and analyses 

Fundamental 
measurements 
and data 

-Map WUI communities, and their 
material loadings and compositions 
-Identify combustion conditions and 
emissions typical of WUI fires 
- Examine interactions between 
human-made fuels and wildland fire 
fuels using mechanistic models and 
experiments at bench, and larger 
scales 

-Identify primary toxicants emerging 
from WUI fires  
-Identify secondary species with 
toxic potential, formed from the 
atmospheric aging of WUI fire 
emissions 
-Gather existing data on air, water, 
and soil testing associated with WUI 
fires in an accessible database 

-Improve understanding of indoor 
penetration and composition of WUI 
fire smoke 
-Evaluate health implications of smoke 
constituents, and exposure to 
constituents in water 

-Develop new analytical capabilities 
for measuring chemical, particle, and 
biological indicators of WUI fire 
toxicants in studies on emission, 
exposure, and health outcome  

Field and 
population 
studies 

-Assess the fuels, consumption, and 
emissions of WUI fires 
-Perform coordinated, multi-platform, 
multimedia studies of WUI fire 
energetics and emissions 

-Identify dominant daytime and 
nighttime atmospheric oxidants in 
WUI fire plumes 
-Identify the key precursors and 
formation pathways of secondary 
species with toxic potential, formed 
by the gaseous, aqueous, multiphase, 
and catalytic reactions in plumes 
-Identify key chemical species that 
can impact water and soils 

-Characterize multi-route and 
multimedia exposures and health 
impacts  
-Improve understanding of acute and 
long-term health effects of WUI fire 
toxicant exposures 
-Improve exposure measurements for 
WUI fire emissions 

-Optimize analytical methods for field 
deployment and increased accessibility 
-Develop biomarkers specific to WUI 
fires that can be used for exposure and 
toxicity assessment 
-Develop standard procedures for 
testing water and soil after WUI fires; 
establish databases of testing studies 

Prediction, 
assessment, and 
exposure-
mitigation 
capabilities 

-Develop risk assessment procedures 
for WUI fires 
-Develop predictive models of WUI 
fire combustion and emissions 
-Identify strategies at a structure, 
neighborhood, and community level 
to mitigate WUI fire risk 

-Develop condensed chemical 
mechanisms and the sub-grid-scale 
processing needed for regional 
modeling of WUI fire emissions 
-Create improved retrospective and 
prospective models of WUI fire 
exposures  
-Evaluate risks to community water 
systems and response plans 

-Measure the effectiveness of 
interventions for firefighters 
-Expand identification of vulnerable 
populations and culturally appropriate 
interventions 
-Develop health equity considerations 
for WUI fire exposures 

-Deploy multi-scale sensing 
capabilities to assess chemical 
compositions of WUI fire plumes 
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TABLE 8-2 Factors Influencing the Prioritization of Research Needs in This Report 
Factor Criteria  

Decision-makers who are the 
audience for the research 

Decision-makers informed by WUI fire research may range from community planners 
charged with defining building codes in WUI communities, to public health 
professionals and regulators, to officials charged with rapidly communicating 
information to communities impacted by WUI fires. This range of decision-makers 
will have different portfolios of research needs and will require information on 
different time scales and at different technical levels.   

Timeliness and cost 
effectiveness 

Within a research portfolio, projects will range from those that can be rapidly 
implemented with immediate impact to those that will require a long-term 
commitment; they will also vary in cost.   

Extent of applicability and 
magnitude of effect  

Research portfolios will have the objectives of being broadly applicable and of 
addressing the most important questions related to the impacts of WUI fires and the 
toxicants they emit, including inequitable impacts across populations. Nevertheless, 
some research will be focused relatively narrowly, such as projects examining 
particular materials that might be combusted in a WUI fire or particular communities 
impacted by WUI fire emissions; both narrowly and broadly focused research can vary 
in the magnitude of the effect that is addressed; for example, the extent of use of 
materials that might be combusted in WUI fires varies, and the toxicants released in 
WUI fires vary in their toxicity and health implications and in the nature of their 
exposure.  

State of scientific capabilities Some research will address focused questions using currently available techniques, 
while other research might expand the range of questions that could be addressed by 
improving measurement or other tools used in WUI research.  

 
 

Research Priorities Related to Fuels and Emissions 
 

Fundamental Measurements and Data 
 

Research priorities related to fuels and emissions include mapping WUI communities and their 
material loadings and compositions. As described in Chapters 2 and 3, a need exists for both detailed 
maps of WUI communities and a characterization of the types of structural materials present in each 
community. Systematically organized data on the materials present in structures could be coupled with 
local, regional, and national inventories of structures to develop fuel loading maps in geographic 
information systems. This type of system is already available for wildland fires and could be developed in 
an analogous manner for WUI regions. This is identified as a high priority research area because it is 
foundational to defining the scope of other research activities (e.g., what types of urban materials should 
undergo laboratory testing and what types of atmospheric chemical transformations are likely to be 
important) and will be broadly applicable to many WUI fires.  

Research is also needed to improve understanding of the combustion conditions in WUI fires and 
how meteorology and urban materials’ composition and configuration, both within the landscape and 
within a building, interact to determine the ventilation conditions and the relative contributions of 
smoldering, glowing, and flaming combustion in different regions of a WUI fire. As described in Chapter 
3, the impact of turbulence is difficult to recreate at small scales, and a range of experimental approaches 
may be needed to fully understand the coupling between the fuel and the environment in a WUI fire. As 
with the other priority research on fundamental measurements and data, this information is critical for 
developing predictive models for emissions and plume dispersion. 

Urban materials contain varying elemental compositions in different ratios. Laboratory testing 
and mechanistic modeling, as described in Chapter 3, have demonstrated the importance of fuel 
composition and ventilation on the resulting emissions. Research can expand on these topics to study the 
more diverse mixtures relevant to WUI fires using models and testing equipment able to simulate WUI 
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fire conditions. This is identified as a high priority research area because the information is broadly 
applicable and because it is essential to understanding the complex fuel mixtures and combustion 
conditions that may be anticipated in a fire, to provide an initial assessment of what compounds will be 
emitted into the air and what residues are left behind. 
 
Field Studies 
 

Field measurements provide important insights into WUI chemistries that are occurring and 
complement the fundamental studies described in the previous section. The research needs described 
below were identified as high priority; these studies can be used to guide the direction of other research 
priorities.  

Post-fire evaluations of fire exposure and damage assessments have proven a valuable tool for 
understanding WUI fire ignitions and the features that make a structure most vulnerable to fire. A 
plausible extension to these assessments is studies to supplement the information with measurements of 
fuel consumption and residues. An infrastructure for rapid response could allow researchers to sample 
emissions from smoldering fuels or off-gassing from other materials; these samples would provide 
important exposure information for workers involved in cleanup activities or people returning to their 
homes after an evacuation. Opportunistic measurement of WUI fire plumes that impact ambient 
monitoring locations or long-term atmospheric observatories could also provide valuable information on 
the composition of these plumes. 

Emissions measurements in WUI fire plumes are the only way of capturing the true nature of 
WUI emissions at scale. Experience with wildland fire research has demonstrated that multiple skill sets 
are needed for a comprehensive understanding of how the fuels, the meteorology, and the topology couple 
to influence combustion conditions and the resulting plume emissions. Coordinated multi-platform, 
multimedia studies of WUI fire energetics and emissions are needed to provide a comprehensive 
understanding of fire and emissions phenomena. The unpredictable nature of WUI fires and the priority 
placed on emergency response during a WUI fire will make field studies challenging and require careful 
advance planning with multiple partners at the federal, state, and local levels. 
 
Prediction, Assessment, and Exposure-Mitigation Capabilities 
 

A comprehensive evaluation of the conditions under which WUI fires have occurred across the 
United States will provide valuable information on which communities are at greatest risk and under what 
conditions the threat is largest. WUI fires have shown characteristics distinctive from those of other 
wildfires, and current fire danger rating systems may not translate to WUI fire danger. A better 
understanding of the areas and times of highest risk is of immediate importance to develop protective 
danger ratings and to better target communities with the greatest need for mitigation actions. 

Predictive models of wildfire emissions are an essential component of the emergency response 
used by frontline workers to develop public health guidance. Knowledge of the magnitude and the range 
of hazardous compounds that can be emitted by a WUI fire is needed in real time to determine exposure 
reduction actions for first responders and effective public health interventions. 

Multiple WUI fire damage mitigation strategies exist, at structure, neighborhood, and community 
scales, and some, like maintaining defensible space around a structure or using ignition-resistant building 
materials, are widely adopted in some areas; yet destructive WUI fires persist. Research is needed to 
identify the most effective mix of mitigation strategies, while acknowledging that resources may be 
limited. Identifying the environmental conditions, topography, and community characteristics where WUI 
fires are most likely to occur can support the understanding of which strategies are most effective in 
differing regions. Additionally, a better understanding of how the choice of materials impacts ignition, 
combustion conditions, and ultimately emissions is an important step in reducing the risk and hazards 
associated with WUI fires. 
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Research Priorities Related to Chemistry, Transport, and Transformations 
 
 The research priorites identified for chemistry, transport, and transformations will both be informed 
by research on fuels and emissions and will inform research related to exposures and health impacts. The 
rationales for the need for coupled work in fundamental measurements, field studies, and modeling is 
analogous to the rationales for research on fuels and emissions.  
 
Fundamental Measurements and Data 
 

A combination of approaches is needed to quantify and characterize primary emissions (e.g., 
reactive species, primary toxicants) emerging from WUI fires, including controlled laboratory combustion 
of realistic mixtures of WUI materials at realistic combustion conditions, field measurements during 
plume transects with aircraft and instrumented mobile laboratories, and satellite remote sensing tools.  

Identification of the secondary species with toxic potential formed during atmospheric transport 
and their formation kinetics and mechanisms is needed in order to predict downwind composition, 
concentrations, and impacts. Controlled laboratory experiments (e.g., flow tube, chamber) are needed to 
examine the chemistry of individual compounds and realistic WUI fire mixtures for key WUI fire 
oxidants. Experiments are particularly needed to elucidate the aqueous, multiphase, and catalytic 
chemistry, as well as secondary aerosol formation from intermediate-volatility organic compounds. Work 
is needed to identify tracers that assist with determining the relative importance of key chemical pathways 
in subsequent field campaigns. These laboratory and field data, for air and other media, should be 
assembled into accessible databases. 
 
Field Studies 
 

Coordinated field measurements in WUI fire plumes at a range of aging times are needed to 
determine the dominant daytime and nighttime atmospheric oxidants and the concentrations of these 
oxidants. Measurements should include tracers of oxidant chemistry. This work will help facilitate 
estimates of atmospheric lifetimes and geographic distributions of primary toxicants. 

Making use of the insights from laboratory studies to identify tracers of chemical pathways, 
coordinated field measurements (near-field through regional or continental scale) are needed to identify 
the dominant precursors and formation pathways (gaseous, aqueous, multiphase, catalytic) for the major 
secondary species with toxic potential. These should be prioritized in model development.  

Detailed assessment is needed of the potential for water and soil contamination, including 
standardization of procedures for testing. Efforts should address a wide range of potential chemical 
contaminants to determine potential areas of concern.  
 
Prediction, Assessment, and Exposure-Mitigation Capabilities 
 

Condensed chemical mechanisms are needed for WUI fire applications in atmospheric chemical 
transport models. Multimedia partitioning and reactivity should be considered when lumping chemicals to 
facilitate gaseous, aqueous, multiphase, and catalytic pathways, as appropriate. Sub-grid-scale processing 
modeling tools are also needed in atmospheric chemical transport models to represent the chemistry in the 
near field where concentrations are high, since the chemistry is nonlinear. 

Development and use of improved retrospective/prospective models to track the atmospheric 
chemistry of WUI fires are needed. Insights from laboratory and field work concerning the dominant 
emissions, oxidants, and pathways through which WUI fire emissions are transformed in the atmosphere; 
condensed chemical mechanisms; and model processing tools should be incorporated. 

A need exists for community water systems to evaluate risk and plan for response based on 
potential and expected levels of contamination after a WUI fire. Plans for evaluating risk should be 
standardized across local jurisdictions.  
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Research Priorities Related to Exposure and Health 
 

The research priorites identified for exposure and public health are based on the need for health 
impact information being a primary driver for the entire research agenda. While these research needs will 
be informed by research on fuels and emissions, and chemistry, transport, and transformation, research on 
exposure and health impacts should progress in parallel with research in other areas.  
 
Fundamental Measurements and Data 
 

Assessments of smoke exposure typically rely on outdoor concentrations. A better understanding 
of the indoor penetration, composition, and persistence of smoke during wildfires in general, and of the 
chemical emissions profiles of WUI fires in particular, is needed. 

Studies that explicitly define the particular type of fire (i.e., wildland fire vs WUI fire) to which 
the general population is exposed are needed to clearly delineate the types of health effects that could 
emerge, and to possibly mitigate them, as pollutant emissions (as well as toxicant concentrations) between 
wildland fires and WUI fires can be quite different. 

Additional studies are needed to evaluate the health implications of wildland fire and WUI fire 
emissions other than particulate matter, such as volatile organic compounds, semi-volatile organic 
compounds, and polyaromatic compounds, as particulate matter has been the primary metric related to 
health outcomes in almost all studies up to now. Studies should also examine exposures to contaminants 
in water. 
 
Field Studies 
 

Research is needed to further characterize the chemicals and health impacts of WUI fire 
emissions via multimedia routes of exposure, including inhalation, dermal exposure, and ingestion. 

A better understanding is needed of the acute and persistent effects of exposures to toxicants 
related to WUI fires, which may include biomonitoring studies of general populations and vulnerable 
subpopulations. 

A better understanding is needed of the effects of exposures, especially for firefighters and local 
communities, and should include examining acute, chronic, and delayed health outcomes. 
 
Prediction, Assessment, and Exposure-Mitigation Capabilities 
 

Insufficient research exists on acute exposures and acute and chronic health effects in WUI 
firefighters and the community. Research is needed on the effectiveness of interventions to mitigate WUI 
firefighter exposures and the associated adverse health effects. 

A need exists to better identify at-risk and vulnerable residents and workers affected by near-field 
WUI fires and to identify culturally appropriate interventions to reduce adverse health impacts. 

A better understanding is needed of the health outcomes for vulnerable populations, resulting 
from exposure to the complex mixtures of chemical and particle emissions from WUI fires. Health equity 
considerations for vulnerable populations are needed for WUI fires. Items to consider include disparities 
related to being a vulnerable population, access to health care and communications, homeownership 
versus rental or use of a mobile home, occupation, and short- and long-term WUI fire exposures. 

Further studies are critical to understanding whether long-term physiological and psychological 
outcomes associated with regional exposures and the general public are similar for WUI and wildland 
fires. Moreover, health effects of fire exposures on children are a critical direction for more research. 
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Research Priorities Related to Measurement Science and Analytics 
 

Fundamental Measurements and Data 
 
 Understanding of emissions exposures and health effects associated with WUI fires is often 
limited by measurement capabilities. As discussed in more detail in Chapter 7, new analytical methods 
are needed for measuring a wide variety of chemical, particle, and biological indicators of toxicants in 
studies on emissions, exposures, and health outcomes. 
 
Field Studies 
 

Field measurements of the concentrations of species associated with WUI fires in air, water, and 
soil involve constraints on the size, power requirements, and other features of the analytical methods that 
can be deployed. Current and emergent analytical methods should be optimized for field deployment and 
increased accessibility.  

Estimating human exposures requires that air, water, and soil measurements be combined with 
records of human activity that result in inhalation and ingestion of, and dermal exposure to, toxicants 
from WUI fires. Biomarkers can reduce the need for some of these data in exposure estimation; however, 
new biomarkers are needed that are more specific to WUI fires and can be used for exposure and toxicity 
assessment. 

Standardization is needed for the methods used to test water and soil after WUI fires, and 
databases of information should be established. 
 
Prediction, Assessment, and Exposure-Mitigation Capabilities 
 

Large-scale modeling of WUI fire plumes could be assessed by augmenting ambient monitoring 
networks or through other sensing systems. Additional sensing capabilities should be deployed to assess 
chemical compositions of fire plumes.  
 

CROSS-DISCIPLINARY COORDINATION 
 
 As shown in Figure 8-1, the information needed to understand the toxicants emerging from 
wildland fires, structural fires, and WUI fires; their effects; and whom they affect spans a broad range of 
scientific disciplines. Research findings from each of these disciplines needs to be continuously 
communicated across disciplinary boundaries because each step in the chain—from hazard identification 
to quantification of exposures and health effects—depends on information emerging from other steps. 
 

INFORMATION DISSEMINATION 
 

The research agenda outlined in Table 8-1 and described in detail in the chapters of this report has 
the potential to fill decision-critical gaps in information. This includes information needed by decision-
makers charged with mitigating wildfire impacts and information needed by the public to minimize their 
exposure to WUI fire toxicants. To achieve this potential requires predictive tools, assessment 
capabilities, and exposure mitigation recommendations. Tools and assessment capabilities need to be 
applied rapidly, and information emerging from the tools and assessments will need to be synthesized into 
guidance in near real time. 

This need is not unique to WUI fires. Systems have been developed for wildfires to provide 
information to decision-makers charged with mitigating fire impacts. The research community should 
build on these existing wildfire tools to provide information frameworks that incorporate the unique 
attributes of WUI fires. 
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For example, tools for decision-makers could include plume tracking that incorporates an 
understanding of the chemistry of WUI fires; it could include summaries of research results relevant to 
policies such as codes for construction materials used in WUI communities. Public dissemination of 
research findings could include activities such as expanding the information assembled in resources such 
as the federal government’s Ready campaign website (www.ready.gov/wildfires) to include the unique 
attributes of WUI fires. This could include public guidance on selecting materials used to build, renovate, 
or repair WUI homes, or the types of personal protective equipment that are effective against the toxicants 
generated by WUI fires and that could be included in personal readiness kits. 
 

Recommendation 2: Those implementing research programs should design and implement a 
multidisciplinary WUI research program that includes the development of tools, resources, and 
messaging designed to inform a wide variety of decision-makers charged with mitigating 
wildland and WUI fire impacts. They should also create periodic summaries of policy-relevant 
research findings, and actionable messaging for decision-makers working with at-risk 
communities and vulnerable populations. 

 
Policy-relevant research findings and actionable messaging could include recommendations for building 
materials to be used in WUI communities, public information regarding the effectiveness of measures to 
mitigate exposures, and community mappings of toxicant precursors, accessible to decision-makers.  

More than 40 million homes in the United States are located at the WUI, in communities 
throughout the United States. Diverse and vulnerable populations will be increasingly exposed to hazards 
from WUI fires. The development of a multidisciplinary WUI research program, summarized in Table 8-
1, will have long-term benefits, but immediate action is also needed. The committee identified a number 
of areas where rapid action could have immediate benefits. These areas are listed in Box 8-1 and were 
identified based on their ability to provide foundational information that plays a critical role in defining 
the scope of the broader research agends. Commitment to both long-term progress and immediate action 
on improving the understanding of WUI fires would benefit communities throughout the United States 
and the world.  
 
 

BOX 8-1 Priorities for Near-Term Research 
 

● Developing data systems to enable communities to predict the chemical composition of materials present in 
structures at threat from WUI fires; these data systems could include estimates of metal, halogen, and other 
chemical loadings in structures 

● Adding measurements of targeted WUI toxicants to air and water quality monitoring systems; these 
measurement systems could be rapidly deployed to areas impacted by WUI fires 

● Establishing information repositories on toxicant data, best practices for mitigation measures, and best 
practices for information dissemination; state agencies could lead in the coordination of data collection; 
data consistency, quality, and access could be addressed at a national level, and at all levels, 
communication and dissemination strategies for vulnerable and at-risk community populations could be 
developed 
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Appendix A 
Glossary of Terms 

 
Acute exposure (Chapter 6): Contact with a substance that occurs once or for only a short time (acute 
exposure can occur for up to 14 days) compared with intermediate duration exposure and chronic 
exposure 
 
Acute health effect (Chapter 6): A health effect that develops immediately or within minutes, hours, or 
even days after an exposure 
 
Ash (Chapter 3): The solid residue remaining after combustion, generally consisting of minerals and 
lesser amounts of char; ash may become lofted in the plume to become a component of PM 
 
Atmospheric lifetime (Chapter 4): Average time a molecule of species i remains in the atmosphere 
 
Bioavailability (Chapter 6): The potential for uptake (ability to be absorbed and used by the body) of a 
substance by a living organism; it is usually expressed as the fraction that can be taken up by the 
organism in relation to the total amount available 
 
Biomass (Chapter 3): Organic material derived from plants or animals 
 
Black carbon or soot (Chapter 3): A component of PM derived from high temperature flaming 
processes; black carbon is composed of aggregates of carbon particles typically 20 to 40 nm in diameter 
 
Char (Chapter 3): The solid residue remaining after combustion; char generally refers to carbonaceous 
residues with some minerals 
 
Chronic exposure (Chapter 6): Continuous or repeated contact with a toxic substance over a long period 
of time (months or years) 
 
Chronic health effect (Chapter 6): An adverse health effect resulting from long-term exposure to a 
substance; examples could include diabetes, bronchitis, cancer, or any other long-term medical condition 
 
Coarse particulate matter (PM10) (Chapter 6): Inhalable particles with diameters equal to or less than 
10 micrometers in diameter 
 
Combustion efficiency (CE) (Chapter 3): The fraction of carbon in the fuel that is emitted as CO2 
 
Combustion factor (CF) (Chapter 3): The fraction of combustible material exposed to a fire that was 
actually consumed or volatilized 
 
Combustion zone (Chapter 2): Region in which air temperatures are sufficiently high to drive 
combustion chemistry 
 
Community water system (CWS) (Chapter 5): A water system serving populations greater than 25 
people, year round 
 



The Chemistry of Fires at the Wildland-Urban Interface

Copyright National Academy of Sciences. All rights reserved.

194 The Chemistry of Fires at the Wildland-Urban Interface 

Prepublication Copy 

Continental scale (Chapters 2, 3, 4, 6): Greater than 1,000 km, where chemistry is driven by processes 
that occur over days 
 
Dissolved organic matter (DOM) (Chapter 5): A mixture of organic compounds found ubiquitously in 
surface and ground waters; derived from terrestrial and aquatic sources 
 
Dry atmospheric deposition (Chapter 4): The removal of particles and gases from the atmosphere to 
surfaces in the absence of precipitation (i.e., through gravitational settling, impaction, interception, and 
diffusion) 
 
Emissions (or effluents) (Chapters 3, 5): Species emitted into the air, water, soil, or other media, from a 
process; these are sometimes called releases 
 
Emission factor (EF) (Chapter 3): The mass of a specific compound (or class of compounds) emitted 
per kilogram of dry fuel combusted, for a specified dry material or collection of materials 
 
Emission ratio (ER) (Chapter 3): The ratio of the mass of a compound emitted to the mass of a 
reference compound that is conserved in the plume, often CO or CO2; it is often reported as an 
“enhanced” ER where the background concentrations of the compound and reference compound have 
been subtracted 
 
Enclosure fire (Chapter 3): A fire contained within a room or compartment inside a building in which 
oxygen supply is typically constrained, contrary to open fires; these are sometimes called compartment 
fires 
 
Energy content (Chapter 3): The amount of energy contained within a mass of fuel; it can be quantified 
as the higher heating value (or gross calorific value), defined as the amount of heat released from 
complete combustion of a material when the products are returned to 25°C, or the lower heating value (or 
net calorific value), defined as the amount of heat released from complete combustion of a dry material 
initially at 25°C when water as a combustion product remains in the vapor state; other initial and final 
state temperatures may be found in the literature 
 
Environmental justice (Chapter 6): A social movement developed in response to environmental racism; 
environmental justice research and practice involves identifying the disproportionate health burdens that 
populations experience from environmental exposures and social vulnerabilities, and focusing on 
solutions to alleviate those burdens in partnership with affected communities 
 
Equivalence ratio (ϕ) (Chapter 3): The ratio of the actual fuel/oxidizer ratio to the stoichiometric 
fuel/oxidizer ratio; the stoichiometric fuel/oxidizer ratio is the ratio that is theoretically required to fully 
oxidize the fuel 
 
Fine particulate matter (PM2.5) (Chapters 3, 4, 6): Airborne particles with diameters of 2.5 
micrometers or less, small enough to enter the lungs and bloodstream, posing risks to human health 
 
Fire plume (Chapters 2, 3, 4): Air mass downwind of combustion zone, containing elevated 
concentrations of combustion products 
 
Flaming combustion (Chapter 3): Luminous oxidation of gases evolved from the rapid decomposition 
of a solid biomass fuel 
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Glowing combustion (Chapter 3): Incandescent heterogeneous oxidation of a solid biomass fuel in 
which all the volatiles have been driven off 
 
Health equity (Chapter 6): Identifying health disparities between populations that are driven largely by 
social, economic, and environmental factors, and focusing on solutions to eliminate those disparities 
 
Interface WUI (Chapter 2): Areas characterized by development (housing or other structures) located at 
the edge of a large area of wildland 
 
Intermediate-volatility organic compounds (IVOCs) (Chapter 4): Compounds with vapor pressures 
between those of VOCs and semi-VOCs; a suite of compounds that, based on their vapor pressure, tend to 
evaporate from the particle phase with near-field dilution of plumes 
 
Intermix WUI (Chapter 2): Areas characterized by alternating development (housing or other 
structures) and wildlands 
 
Local scale (Chapters 2, 3, 4, 6): From 10 to 100 km, where chemistry is driven by processes that occur 
on a timescale of minutes to hours 
 
Lower heating value or net calorific value (Chapter 3): amount of heat release from complete 
combustion of material not including the energy required to vaporize products 
 
Modified combustion efficiency (MCE) (Chapter 3): The measured, enhanced emission of CO2 divided 
by the sum of the enhanced emission of CO and enhanced emission of CO2; MCE is typically linearly 
correlated with CE and used as a proxy for CE since it is easier to measure 
 
Near-field scale (Chapters 2, 3, 4, 6): From 1 to 10 km downwind of the fire, where the plume remains 
quite concentrated, dilution has a major effect on the gas-particle partitioning, and chemistry is driven by 
fast processes that occur on a timescale of minutes 
 
Oxidative pyrolysis (Chapter 3): The thermal decomposition of a combustible material in the presence 
of molecular oxygen in the surrounding atmosphere 
 
Particulate matter (PM) (Chapters 3, 6): A complex mixture of solid particles and liquid droplets found 
in the air 
 
Partitioning (Chapters 4, 5): The distribution of a species i between two media, such as air and particles, 
or air and water 
 
Plume injection parameters (Chapter 3): The initial characteristics of a fire plume, including its 
injection altitude and multi-phase chemical composition 
 
Pollutant (Chapters 3, 4, 5, 6): A chemical or biological substance that harms water, air, or land quality 
 
Prescribed burn (Chapter 4): Fire set intentionally for forest or farmland management 
 
Primary organic aerosol (Chapter 4): Organic particulate matter that is emitted from the source (e.g., 
WUI fire) in particulate form  
 
Primary species with toxic potential (Chapter 4): Toxic substance that is emitted directly from the 
source (e.g., WUI fire) 
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Pyrolysis (Chapter 3): The thermal decomposition of a combustible material in the absence of molecular 
oxygen; the term “pyrolysis” sometimes appears in wildland fire literature to represent oxidative pyrolysis 
 
Regional scale (Chapters 2, 3, 4, 6): From 100 to 1,000 km, where chemistry is driven by processes that 
occur on a timescale of hours to days 
 
Secondary organic aerosol (Chapters 3, 4): Organic particulate matter that is formed in the atmosphere 
from precursor gases  
 
Secondary species with toxic potential (Chapter 4): Toxic substances that are formed through 
atmospheric chemistry 
 
Semi-volatile organic compounds (SVOCs) (Chapters 3, 6): Organic compounds that, based on their 
vapor pressure, tend to evaporate from the particle phase with near-field dilution of plumes; SVOCs are 
of concern because of their abundance in the indoor environment and their ability to accumulate and 
persist in the human body, the infrastructure of buildings, and environmental dust 
 
Smoldering combustion (Chapter 3): Combined processes of thermal decomposition and slow, low-
temperature, flameless burning of porous solid biomass fuels; sometimes called glowing combustion 
 
Structural racism (Chapter 6): The totality of ways in which societies foster racial discrimination 
through mutually reinforcing systems of housing, education, employment, earnings, benefits, credit, 
media, health care, and criminal justice; these patterns and practices in turn reinforce discriminatory 
beliefs, values, and the distribution of resources 
 
Toxic (Chapter 6): Related to harmful effects on the body by either inhalation (breathing), ingestion 
(eating), or dermal absorption of the chemical 
 
Toxic product yield (Chapter 3): The maximum possible mass of a combustion product generated 
during combustion, per unit mass of test specimen consumed (typically expressed in units of grams per 
gram or kilograms per kilogram) 
 
Toxicant (Chapters 5, 6): Any chemical that can injure or kill humans, animals, or plants (depending on 
the magnitude and duration of exposure); a poison 
 
Ultrafine particles (Chapter 6): Particles with a diameter less than or equal to 0.1 micrometers 
 
Urban fire (Chapter 3): Fire that occurs primarily in cities or towns with the potential to rapidly spread 
to adjoining structures; these fires mostly damage and destroy homes, schools, commercial or industrial 
buildings, and vehicles 
 
Volatile organic compounds (VOCs) (Chapters 3, 4, 5, 6): Organic compounds with vapor pressures 
high enough to exist in the atmosphere primarily in the gas phase, typically excluding methane; VOCs 
can easily become airborne for inhalation exposure 
 
Vulnerable populations (Chapter 6): Individuals or communities at higher risk of adverse health effects 
from exposures, such as from greater pollutant exposure concentrations, higher health response to a given 
level of exposure, or reduced capacity to adapt 
 
Wet atmospheric deposition (Chapter 4): The removal of particles and gases to the earth’s surface via 
scavenging by precipitation 
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Wildfire: Although in common usage, the term wildfire is not used in this report; a wildfire is generally 
defined as a wildland fire originating from an unplanned ignition, such as lightning, volcanos, 
unauthorized and accidental human-caused fires, and prescribed fires that are declared wildfires 
 
Wildland fire: Any non-structure fire that occurs in vegetation or natural fuels; includes wildfires and 
prescribed fires 
 
Wildland-urban interface (WUI): The community that exists where humans and their development 
meet or intermix with wildland fuel  
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Appendix C 
Available Data for Example Fires 

 
 
 



T
he C

hem
istry of F

ires at the W
ildland-U

rban Interface

C
opyright N

ational A
cadem

y of S
ciences. A

ll rights reserved.

Information Need Waldo Canyon Fire Horse River Fire  Gatlinburg Fire Camp Fire Marshall Fire 

Fire Progression Timeline - City of Colorado Springs, 
2013  

- Maranghides et al., 2015 

- MNP LLP, 2017 - Culver, 2016 
- Guthrie et al., 2017  

- Maranghides et al., 2021 - CPR, 2021b 
- Markus, 2022 
- Brown, 2022 

Operational And General 
Information 

- Chin et al., 2016  
- Kinoshita et al., 2016 

- Government of Alberta, 
2018 

- Ahillen, 2016 
- Flynn, 2017 
- Gabbert, 2016 
- Guthrie et al., 2017 
- Manzello et al., 2018 
- Walpole et al., 2020 

- CARB, 2021 - Boulder OEM, 2022 
- Cobb, 2022  
- Vaughan, 2022 

Fuel Characterization — - MNP LLP, 2017 — - Jin et al., 2019 — 

Combustion 
Characterization 

— — — - Simms et al., 2021 — 

Emissions - Colorado Department of 
Public Health and the 
Environment staff report 
that their office is storing 
unanalyzed Teflon PM2.5 
filters from sampling in 
Colorado Springs during 
this fire 

- Adams et al., 2019 
- Hsu et al., 2015  
- Landis et al., 2018  
- Wentworth et al., 2018  

— - CARB, 2021 
- EPA emissions inventory 
- Rooney et al., 2020 

— 

Atmospheric Chemistry — - Adams et al., 2019  
- Wu et al., 2018  

— - Delp and Singer, 2020  
- Ding et al., 2021  
- Fadadu et al., 2020 
- Li et al., 2020 
- Rooney et al., 2020 
- Simms et al., 2021  
- Vu et al., 2022 

— 

Water and Soil Chemistry - CTL Thompson, 2014  - Arciszewski and 
McMaster, 2021 

- Emmerton et al., 2020 
- Government of Alberta, 

2018, p. 19, 27 

— - Proctor et al., 2019 (based 
on unpublished data from 
the Paradise Irrigation 
District) 

- Proctor et al., 2020 
- Solomon et al., 2021  
- TetraTech Inc., 2019a  

— 
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Human Exposures / 
Health Impacts 

— Physical health: 
- Cherry et al., 2019 
- Cherry et al., 2021a 
- Kohl et al., 2019 
Mental health: 
- Agyapong et al., 2018 
- Agyapong et al., 2019 
- Agyapong et al., 2020 
- Brown et al., 2019c 
- Brown et al., 2019b 
- Brown et al., 2019a 
- Cherry et al., 2021b 
- Ritchie et al., 2020 
- Verstraeten et al., 2020  

— - CARB, 2021 
- DuTeaux, 2019 
- Fadadu et al., 2021 
- Odimayomi et al., 2021 
- Silveira et al., 2021 
- Von Behren et al., 2022  

- CPR, 2021a 
- CBS Colorado, 2022 

Environmental Impact - Chin et al., 2016 
- The Associated Press, 

2017 
- Young et al., 2012 

- Elmes et al., 2019 
- Hebert, 2019  
- Zhang et al., 2022 

— - TetraTech Inc., 2019b 
- Dieckmann et al., 2020  

— 

Miscellaneous — - Omane et al., 2017 — — — 

SOURCE: Developed as part of the committee’s literature survey process and used to inform committee discussions and deliberations.  
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Appendix D 
Public Workshop Agenda 

 
JUNE 8, 2021 

VIRTUAL (All times in EDT) 
 
10:00  Opening Remarks and Goals of the Workshop 

David Allen, Committee Chair 
 

I. COMPOSITION OF URBAN MATERIALS AND THEIR COMBUSTION PRODUCTS 

Session Chairs: Marilyn Black and Anna Stec 
 
10:10  The Fuel of Our Homes - from Building Materials to Content 

Birgitte Messerschmidt, National Fire Protection Association 
 
10:35  Combustion Product Yields: Basic Principles and Examples from Large Fire Tests 

Per Blomqvist, Research Institutes of Sweden 
 
11:00  Behavior of Flame Retardants and Other Chemicals of Concern in Fires and Their Degradation 

Processes 
Richard Hull, University of Central Lancashire, United Kingdom 

 
11:25  Flame Retardants in Building Materials and Consumer Products: Concerns for Exposure 

Heather Stapleton, Duke University  
 
11:50  Break 
 

II. EMISSION SOURCES AND POTENTIAL EXPOSURES 

Session Chairs: Jeff Burgess and Fernando Rosario-Ortiz 
 
12:30  Exploring the Complexity of Gas and Particle Phase Organic Chemistry and Indoor Infiltration 

Rates When Wildfire Smoke Arrives in Highly Populated Regions of California  
Allen Goldstein, University of California Berkeley 

 
12:55  Residential Indoor Exposure Downwind of Fires 

Shelly Miller, University of Colorado Boulder 
 
1:20  Soil and Combustion Debris as Specific Emission Source Vectors for Water 

Bruce Macler, US Environmental Protection Agency (retired) 
 
1:45  Exposure Routes as a Function of Chemical Types and Target Population: Who Are the Sensitive 

Populations and What Are Their Major Risks? 
John Balmes, University of California San Francisco & University of California Berkeley 

 
2:10  Break 
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III. CHEMICAL PROCESSES 

Session Chairs: Barbara Turpin and Fred Dryer 
 
2:20  Wildland-Urban Interface (WUI) Fires: Perhaps the Greatest Challenge for Fire Safety Science? 

Samuel Manzello, National Institute of Standards and Technology 
 
2:45  How Do Fire Conditions and Synthetic Materials Affect Near Field Chemistry in Urban 

Wildfires? 
Eric Guillaume, Efectis 

 
3:10  How Does Regional Chemistry in Urban Wildfire Plumes Differ from Wildland Fires? 

Halogens and Plastics 
Steven Brown, National Oceanic and Atmospheric Association 

 
3:35  How Does Regional Chemistry in Urban Wildfire Plumes Differ from Wildland Fires? Insights 

from Chemical Transport Modeling 
Christine Wiedinmyer, University of Colorado Boulder 

 
IV. DATA GAPS AND RESEARCH NEEDS 

Session Chairs: David Allen and Amara Holder 
 
4:00  A Panel Discussion on Research Needs and Data Gaps 

Per Blomqvist, Research Institutes of Sweden 
Samuel Manzello, National Institute of Standards and Technology  
Steven Brown, National Oceanic and Atmospheric Association  
Kathleen Navarro, National Institute for Occupational Safety and Health  
Peter Lahm, United States Forest Service 

 
Potential Discussion Questions: 

 How do the structures and materials in the built environment impact the chemistry of urban 
wildfire emissions? 

 How does the fire behavior in an urban wildfire affect the quantity and composition of emissions 
from burning structures and their contents? 

 How might the composition/chemistry of urban wildfire emissions change once released into the 
environment? 

 What unique factors of urban wildfires may impact acute and chronic health effects of exposed 
populations? How do the exposures change for urban wildfires compared to vegetative wildfires? 
What populations may be most vulnerable to these exposures? 

 How does the incident response of an urban wildfire differ from a vegetative wildfire? What 
information would be needed, on what time scales, to enable public health 
communication/interventions for urban wildfires? How might the communication/interventions 
change for occupational exposures? 

 
5:00  Adjourn 
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Appendix E 
Engineering Calculations for Table 3-2 

 
Table 3-2 presents data describing two characteristics of structural materials—combustible mass 

and energy content—that relate to how the homes built from those materials would burn and their 
potential emissions if they were destroyed by a WUI fire. Although the committee searched for this type 
of data in the existing literature, no data of this type are currently available. The values in the table were 
therefore calculated by the committee to demonstrate how combustible mass and energy content can be 
derived from published information on the quantities of different typical materials found in residential 
construction. The table provides values for two example single-family homes for which construction 
material quantities were publicly available (Messerschmidt, 2021; EPA, 2016).  

The committee wishes to emphasize that multiple assumptions are involved in completing the 
engineering calculations that resulted in Table 3-2. The data in that table are intended only as an 
illustrative example, and an uncertainty analysis was therefore not performed. For the reader who may be 
interested in replicating, improving upon, or extending these calculations to expand the scientific 
community’s understanding of fire loading in WUI fires, the committee’s assumptions and calculations 
are detailed in this appendix. The first section describes combustible mass calculations, and the second 
section describes energy content calculations. 
 

CALCULATING COMBUSTIBLE MASS 
 

Combustible mass must be obtained from the source or calculated before energy content can be 
determined. Messerschmidt provided material quantities directly on the basis of combustible mass 
(Messerschmidt, 2021), and no engineering calculations were needed to provide those values in Table 3-2. 

The US Environmental Protection Agency (EPA) provided quantities of each material in terms of 
weight, area, or length, which can be found in Table 1-1 of the reference (EPA, 2016). The committee 
applied conversion factors to convert the quantities from source units into mass equivalents (Table E-1). 
To convert area and length values to a mass basis, the committee made informed assumptions about the 
specific material composition, when not specified, and sought out sources for the relevant density 
information. 
 
TABLE E-1 Conversion Factors Used in Calculating Mass-Basis Quantities for EPA Example Home  

Material a 
Source 
Amount Source Units 

Conversion 
Factor 

Conversion 
Factor Units 

Total Mass 
(kg) 

Combustible  
Mass (kg) 

Lumber (assumed white 
pine) b 13,837 board ft 0.95 kg/board ft 13,159 13,159 

Sheathing (assumed 1/2" 
OSB) c 13,118 ft d 0.77 kg/ft b 10,115 10,115 

Exterior wood siding e 3,206 ft d 1.09 kg/ft b 3,485 3,485 

Roofing material (assumed 
½ inch OSB) c 3,103 ft d 0.77 kg/ft b 2,393 2,393 

Roofing asphalt shingles e 3,103 ft d 1.23 kg/ft b 3,805 746 

Glass fiber insulation 3,061 ft d - d - d 1,830 183 d 

Wall material (assumed 3/8 
inch gypsum board) f 6,050 ft d 0.57 kg/ft b 3,429 g - g 

continued 
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TABLE E-1 continued 

Material a 
Source 
Amount Source Units 

Conversion 
Factor 

Conversion 
Factor Units 

Total Mass 
(kg) 

Combustible  
Mass (kg) 

Ceiling material (assumed 
3/8 inch gypsum board) f 2,335 ft d 0.57 kg/ft b 1,323 g - g 

Ducting (assumed 
galvanized steel) 266 linear ft 2.27 kg/ft b 603 - g 

Windows (assumed vinyl) h 19 units 20.1 kg/ft b 382 192 

Concrete 19 tons 907.185 kg/ton 17,237 g - g 

Total     62,168 34,680 

NOTE: OSB = oriented strand board. 
a If the source did not provide a specific material composition for a given construction material, the composition 
assumed is given in parentheses in the first column.  
b The linear density of lumber was assumed to be 0.95 kg/board ft, based on the density of white pine (eastern and 
western averaged) adjusted to a moisture content of 12 percent. Source: 
https://www.fpl.fs.fed.us/documnts/fplgtr/fpl_gtr190.pdf.  
c A ½ inch assumption was made for all OSB to match Messerschmidt (2021). Area density (kg/ft2) for ½ inch OSB 
was obtained from https://roofonline.com/weights-measures/weight-of-plywood-and-osb/. 
d The conversion factor approach used for most materials was not appropriate for glass fiber insulation because this 
material is composed of only a fraction of combustible adhesives in addition to the noncombustible glass fibers. For 
this material, the equivalent combustible mass was obtained by multiplying the replacement mass provided in the 
source (EPA, 2016) by 10 percent, the combustible fraction according to Messerschmidt (2021) and 
https://pharosproject.net/common-products/2080060#contents-panel.  
e EPA provided replacement mass values for wood shingle siding and roofing asphalt shingles (Appendix A1 in 
EPA, 2016), but the area densities (kg/ft2) that resulted were too high to be reasonable. Instead, the committee 
obtained area densities for each of these materials from https://www.engineeringtoolbox.com/roofing-materials-
weight-d_1498.html. The percentage of combustible material of a shingle was obtained from 
https://greet.es.anl.gov/greet_building, Building Life-Cycle Analysis with the GREET Building Module: 
Methodology, Data, and Case Studies, as 20 percent asphalt by mass. 
f Area density (kg/ft2) of gypsum board was obtained from https://www.certainteed.com/drywall/products/regular-
drywall/. 
g Not a combustible material. 
h The window materials were obtained from Building Industry Reporting and Design for Sustainability (BIRDS) 
New Residential Database Technical Manual (NIST Technical Note 1878, https://nvlpubs.nist.gov/nistpubs/ 
TechnicalNotes/NIST.TN.1878.pdf) for a 1 m2 vinyl casement window composed of 40 percent vinyl and 10 percent 
other materials. 
SOURCE: EPA, 2016. 
 
 

CALCULATING ENERGY CONTENT 
 

The committee identified the best available sources for net calorific value. When possible, energy 
content data were derived from the Society of Fire Protection Engineers (SFPE) Handbook of Fire 
Protection Engineering (SFPE, 2016) or from Xie et al. (2019) to conform with standard fire loading 
calculation methodology. In all other cases, net calorific values were sourced from measurement data 
(Phyllis, n.d.) or from widely adopted reference data (United Nations standard net calorific values 
[UNSD, n.d.]). The applicability of standardized data for representing in-use construction materials 
requires validation. 
 The combustible mass values taken from Messerschmidt (2021) and calculated from EPA (2016) 
were then multiplied by the mean net calorific values in Table E-2 to obtain the energy content data 
shown in Table 3-2. 
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TABLE E-2 Net Calorific Values Used to Calculate Energy Content  
Material Mean Net Calorific Value (MJ/kg) Net Calorific Source 

Wood 18.50 Xie et al., 2019; Bain, 2003 

OSB / particle board 18.54 Phyllis, n.d. 

Polyvinyl chloride 10.07 SFPE, 2016, Table A.31 

Polyurethane foam 25.60a SFPE, 2016, Table A.31 

Fiberglass phenol 
formaldehyde resin 28.55a SFPE, 2016, Table A.31 

Asphalt (from shingles) 40.20 UNSD, n.d.  
a For these materials, the reference provided ranges, from which mean values were calculated (as the 
center of the range). 
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