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Abstract 

The 1987 and 1988 forest fire seasons generated concerns about the potential short-term and long-term health 
effects of firefighters exposed to smoke during fire suppression of wildfires and fire management activities 
associated with prescribed fires. This concern has prompted a new national initiative to characterize the exposure 
of fire personnel to emissions from open fires. The Fire Chemistry Project is studying the fuel characteristics, 
both chemical and physical, affecting combustion leading to the production of air toxics and trace materials. The 
research approach includes burning modeled fuel arrays in a well instrumented, environmentally controlled 
combustion laboratory. These experiments will complement knowledge now available that was developed mostly 
from field experiments. 

The combustion efficiency of open fires generally ranges from 60 to 95%. The predominant gases from the 
combustion of vegetative fuels are carbon monoxide, carbon dioxide, and water vapor. A small fraction of the 
carbon contained in the fuel is released into the atmosphere in the form of particles. The particles are of major 
concern, however, because of the high concentration of organic material with the particles, and also because a 
high percentage of the mass of this particulate matter consists of particles less than 2.5 micrometers in diameter. 
The small diameter particles can be carried deep into the lungs and contain about 50 to 95% organic carbon with 
the balance inorganic materials and graphitic carbon. The Polynuclear Organic Material (POM) fraction of the 
organic carbon content of the particles contains a class of compounds, polynuclear aromatic hydrocarbons (PAA), 
some of which are known carcinogens. The levels of these materials that fireline personnel are exposed to are 
not well known. One of the PAH compounds, benzo[a]pyrene (BaP), has been studied in detail, and the 
concentration is known to increase for both the smoldering combustion phase of fires and in fires burning in live 
vegetation. Other materials of concern include the high concentration of aldehydes, organic acids, carbon 
monoxide, and release of deposited materials (e.g., pesticides). 

Resome 

Les saisons d'incendies de fore t 1987 et 1988 ont preocupees certains des effets eventuels a court et a long 
terme sur la sante de I' exposition a la fumee des pompiers luttant contre des incendies de foret et du personnel 
de gestion des incendies pratiquant des brUlages diriges. Ces preoccupations ont mene a la mise sur pied une 
initiative nationcile pour determiner les caracteristiques de l'exposition du personnel de lutte aux emissions 
provenant de feux non controles de projet de chimie forestiere etudie les caracteristiques du combustible chimique 
ainsi que physique affectant la comsustion. Celle-ci entraine la production de substances toxiques aeriennes et 
de matienes a l'etat de trace. L' approche consiste abruler des modeles de combustibles diversement agences dans 
un laboratoire de combustion bien equipe et a environnement controle. La plupart des connaissances dont nous 
disposons actuellement proviennent d' experiences effectuees sur Ie terrain. 

L'efficacite de combustion des feux non controles est rarement varie generalement de 60 a 95%. La majeure 
partie des gaz produits par la combustion de combustibles vegetales est du monoxyde de carbone, du dioxyde 
de carbone et de la vapeur d'eau. Une petite fraction du carbone contenu dans Ie combustible est liberee dans 
I' atmosphere sous forme de particules. Ces particules sont toutefois extremement preoccupantes en raison de la 
haute concentration de matieres organiques avec les particules et parce qu 'un fort pourcentage de la masse de 
particules se compose de particules de moins de 2.5 micro metres de diametre. Ces particules infimes peuvent 
penetrer tres profondement dans les poumons et renferment de 50 a 95% ' de carbone organique, Ie reste etant des 
matieres inorganiques et du carbone graphitique. La fraction de matiere organique polynucleaire (MDP) de la 
teneur en carbone organique des particules contient une dasse de composes, les hydrocarbures aromatiques 
polynucleaires (HAP) dont certains sont des agents carcinogenes connus. NOllS ne savons pas vraiment dans 
quelle mesure le personnel de lulle est expose aces matieres. L'un des composes des hydrocarbures aromatiques 
polynucleaires, Ie benzo[a]pyrene (BaP), a ete etudie en detail et nous savons que sa concentration augmente 
pendant la phase de combustion couvante des incendies et dans les feux ravageant la vegetation vivante. Parmi 
les autres matieres preoccupantes, mentionnons les fortes concentrations d' aldehydes, les acides organiques, Ie 
monoxyde de carbone et les substances degagees par les matieres deposees (comme les pesticides). 

Presented at the 10th Conference on Fire and Forest 
Meteorology, April 17-21, 1989, Ottawa, Canada. 
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Int roduction 

In the United States during the 1960's, research was 
initiated to ameliorate the impact of smoke from 
prescribed fi res on local and regional air quality. 
Since that time, smoke management plans have been 
successfully implemented in many States and regions. 
Improvements in methods and techniques for smoke 
management continue to be developed. Along with 
the need for more information concerning smoke 
management, there is a need to investigate the expo
sures and resulting adverse health effects of smoke on 
wildland firefighters and personnel involved in pre
scribed burning operations. This paper summarizes 
what is known about the content of smoke that may be 
damaging to human health, what has been learned 
from research on emissions from prescribed fires that 
may be relevant to the exposure assessment problem. 
and several studies evaluating firefighter exposure to 
carbon monoxide and particulate matter. 

Agencies responsible for fire protection have overall 
responsibility to provide for the safety, health, and 
well-being of all their employees. There are key 
statutory and regulatory requirements related to 
wildland firefighter environmental health and safety. 
Some have suggested that Federal agencies are exempt 
from these requirements based on the emergency 
nature of firefighting. However, the agencies respon
sible for fire control generally accept responsibility 
for the health and safety of their personnel. To gain 
a better understanding of the magnitude of the health 
problems of firefighters, a comprehensive study plan 
was prepared for the National Wildfire Coordinating 
Group (NWCG). The plan recommends a series of 
studies on smoke from a toxicological standpoint, on 
levels of exposure to these substances, on health 
effects observed on the fires, and on types of risk 
management options needed to minimize the health 
risks (Ward et a1. 1989). 

The need for such a study is based on the large 
numbers of firefighters and fires being suppressed on 
an annual basis and the health problems observed 
during the 1987 and 1988 fire seasons. In the United 
States, about 80,000 firefighters are involved with fire 
suppression activities on 70.000 wildland fires that 
burn an average of over 0.8 million ha each year. In 
1988, over 2 million ha of land were burned with a 
total combined suppression cost in excess of $600 
million. Over the 4 months of the Yellowstone fires . 
approximately 40% of the 30.000 medical visi ts made 
by wildland firefighters were for respiratory problems. 
More than 600 firefighters required subsequent medi
cal care. In the Happy Camp Fire Camp for the 
Klamath Fire Complex in California in 1987, ambient 
concentrations of carbon monoxide were measured as 
high as 54 parts per million on a volume basis 
(ppmv). There is a need to study the exposures. 
health effects, and management options for personnel 
involved in fire control and prescribed burning activ
ities. 

Burning of carbonaceous fuel produces a complex 
mixture of combustion products. From classical 
thermophysics, wildland fires accelerate the oxidation 
of accumulated biomass over that resulting from 
natural decomposition. The biomass is a result of 
basic processes of regeneration, growth . and decline of 
forest and range systems. The management of the 
accumulation of biomass through the use of prescribed 
fire is one way to reduce the size, cost, and severity 
of wildfires. Typically, biomass contains approximate
ly 50% carbon. 6% hydrogen. and 44% oxygen. 
Chemical-oxidation reactions involved in burning the 
biomass produce flames and yield a rapid release of 
heat. If the chemical reactions were complete. the 
carbon, hydrogen, and oxygen in the forest fuel would 
be oxidized to carbon dioxide and water. However. the 
chemical reactions are never 100% complete, and large 
quantities of smoke are usually releas,ed into the 
atmosphere. The exposure of personnel to this smoke 
is ·of major concern. 

Demographic analyses of changes within our society 
show more people living in the critical zone between 
urban and wildland environments and an increase in 
the number of wildland recreationalists. The need for 
fire protection and fire management has increased 
dramatically in recent years. The result is a greater 
demand on wildland and rural firefighters to provide 
fire protection. 

Review or Smoke Com ponents 

The mixture of particles, liquids, and gases found 
in smoke from forest fires is extremely complex and 
complicates the job of fireline exposure assessment. 
Uncertainty associated with the potential adverse health 
effects is much greater because of the complex mixture 
of materials in smoke. The particles are known to 
consist of hundreds of important organic compounds 
that are condensed into tarry droplets over substrate 
materials of ash or graphitic carbon or both. The 
particle size distribution is such that a large percentage 
of material is respirable. Gases in the air adjacent to 
fires in association with the particles include carbon 
monoxide, carbon dioxide. methane. oxides of nitrogen, 
and many organic compounds--some of which are 
irritants or carcinogens or both. Other materials are 
classified as semi volatile because they usually occur as 
condensed liquids with the particles and are in high 
concentration in the gas phase. The overall toxicity of 
smoke from vegetative fires has not been evaluated. 

The large variance in the concentration of smoke 
must be evaluated to assess the level of exposure of 
fireline personnel. Coupled with the mixture and 
concentration differences of combustion products is the 
dust, heat, and remoteness of many of the wildland 
fires and fire camps. The fire, fuel, and weather vary 
continuously, which changes the fire dynamics and the 
dilution occurring in the vicinity of where the fire
fighters work. The smoke may be extremely dense for 
a few minutes to several hours or days with the air 
being relatively clean at other times. 
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Information that is known about the kinds of com
pounds contained in smoke from wildfires has been 
inferred from the study of smoke from prescribed 
(planned) management fires and from controlled 
laboratory combustion experiments (see section on 
"Prescribed Fire Research"). A few measurements of 
concentration have been made in conjunction with 
attempts to monitor the exposure of firefighters to 
smoke (see section on "Experience in Fireline Expo
sure Assessment"). 

Combustion Products 01 Concern 

Before discussing specific measurements, it is 
important to gain a general understanding of the 
chemical components found in smoke and their 
relative toxicities. In this section, several materials 
are discussed that are known to be present in smoke 
from the combustion of biomass fuels. These classes 
of materials are: 

1. particulate matter 
2. polynuclear aromatic hydrocarbons 
3. carbon monoxide 
4. aldeh ydes 
5. organic acids 
6. semivolatile and volatile organic compounds 
7. free radicals 
8. ozone 
9. inorganic fraction of particles 

Each of these materials is discussed according to what 
is known about the relative abundance, the production, 
and briefly why it is toxicologically important. 

Particulate matter is highly visible, affects ambient 
air quality, and has an unknown effect on human 
health. Particles are abundantly produced by forest 
fires with source strengths exceeding 0.6 tonnes per 
second on some large fires (Wade and Ward 1973). 
The mass of particles can be separated into two . 
distinct modes: (1) a fine-particle mode generally 
considered to be produced during the combustion of 
organic material with a mean-mass diameter of 0.3 
micrometers, and (2) a coarse particle mode with a 
mean-mass diameter larger than 10 micrometers. 
Research, both from ground-based sampling (Ward and 
Hardy 1984) and airborne sampling systems, has 
shown this bimodal distribution with a small fraction 
of the total mass (less than 10%) between 2 and 10 
micrometers (Radke et a1. in press). The smaller, fine 
particles are of special concern because they can 
penetrate the upper respiratory tract and even the 
alveolar region of the lung. About 40 to 70% of the 
fine particles consists of organic carbon material 
(Ward and Hardy 1986). Many known carcinogenic 
compounds are contained within the organic carbon 
fraction. Roughly another 2 to 15% is graphitic 
carbon and the remainder is inorganic ash material 
(Ward and Core 1986). Particles are also known to 
carry adsorbed and condensed toxicants and possibly 
free radicals. 

Polynuclear aromatic hydrocarbons are one of the 
classes of compounds contained in the organic fraction 
of the fine particle material. Some of the polynuclear 
aromatic hydrocarbons (PAH) associated with the 
particles are carcinogenic. Benzo[a]pyrene, for examp
le, is a physiologically active substance that can 
contribute to the development of cancer in cells of 
humans. Examples of PAH compounds are listed in 
Table 1 for prescribed fires in logging slash, laboratory 
fires of pine needles, fireplaces, and woodstoves. 
Specific carcinogenic activity and the measured ratio of 
production of PAH molecules to particulate matter are 
given. Table 1 illustrates for a few compounds the 
relative production rates and the variances associated 
with the production. For example, Ward and Hardy 
(1986) studied the variance of production of several 
PAH compounds as a function of loading of live 
vegetation for prescribed fire units in western 
Washington and western Oregon. They found for 
benzo(a}pyrene that emission factors increased as the 
density of live vegetation covering the prescribed fire 
units increased. 

PAH compounds (e.g., benzo(a}pyrene, chrysene, 
benzo(ghi}perylene, shown in Table I) are synthesized 
from carbon fragments into large molecular structures 
in low-oxygen environments. Many different combus
tion systems are known to produce these materials, and 
the burning of forest fuels is documented as one of 
these sources. Little is known about combustion 
conditions on wildfires that optimally produce poly
nuclear aromatic hydrocarbon compounds. Some 
combustion conditions produce the compounds more 
abundantly than others; e.g., for low-intensity backing 
fires the ratio of benzo[a]pyrene to paniculate matter 
ranged from 98 to 274 micrograms per gram of particu
late matter and the same ratio for heading fires was 2 
to 3 (McMahon and Tsoukalas 1978). The average 
values for various PAH compounds and standard 
deviations are presented in Table 1 for fuel beds of 
slash pine (Pinus elliottii Engelm.) needle litter at 
three levels of loading and burned using simulated 
heading and backing conditions. 

For wood stoves, a relationship was established 
between burn rate and PAH production. Specifically, 
as the burn rate increased, total organic emissions 
decreased, but the portion that was PAH compounds 
increased. DeAngeles et a1. (1980) found the P AH 
emission rate to be highest over a temperature range of 
500 to 800·C. 

From Table 1, some information exists for open 
fires, but it is totally inadequate to develop the level 
of understanding that is needed regarding conditions 
that would produce harmful levels of these materials in 
fireline exposure conditions. 

Carbon monoxide is a colorless and odorless toxic 
gas. It is produced through the incomplete combustion 
of biomass fuels. Carbon monoxide is abundantly 
produced--second only to carbon dioxide and water 
vapor. The completeness of the combustion process 
can be determined by measuring the concentration of 
carbon monoxide and carbon dioxide. OSHA has 
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Table 1. Comparison of emissions of polynuclear aromatic hydrocarbons from four sources: (1 ) p'escribed ftres in logging slash in 
western Washington and western Oregon (Ward et al. 1989), (2) pine needle litter fuel of Southeast (McMahon and Tsoukalas 1978), 
(3) fIreplace emissions tests with great southern pine wood (DeAngelis et aI. 1980), and (4) woodstove emissions tests with green southern 
pine wood (DeAngelis et al. 1980). Carcinogenicity is from N 'onal Academy of Sciences (1912) and is coded as follows: "_It is not 
carcinogenic; "±" is uncertain or weakly carcinogenic; "+" is carcinogenic; "++. +++" is strongly carcinogenic. 

Compound Lo2Jtin2 slash Fire Wood Carcino-
Mean S.D. S.D. places stoves genicity 

of of articulate matter ------

Anthracene/phenanthrene y 42 ±29 185 ±72 575 6345 -1
Methylanthracenes/ 

melbylphenanthrenes 'N 61 ±38 692 3147 
Benz(a)antbracene/chrysene ~ 43 ±25 117 2216 +1+ 
1.2-benzanthracene 11 +8 + 
Chrysene/triphenylene 29 ill 
Dibenzanlhracenesl 
dibenzphenanlhrenes 4 3 

Auoranlbene !J 41 ±23 51 +29 125 1153 
Benzofluoranihene 11 ill 133 865 
Benzo(ghi)t1uoranthene 11 +5 
Benzo(a)fluoranthene 7 +4 
Benzo(b/j/k)t1uoranthenes 26 i9 ++1++1

Pyrene 42 +24 73 +46 133 1153 
Benzo(a)pyrene !J 13 +7 3 + 2 +++ 
Benzo(e)pyrene !I 13 is 6 ± 3 
Benzopyrenes/perylene 117 578 
Perylene 3 + 2 2 ± 2 
Indenopyrene 13 ±14 
Indeno(I.2.3-c,d)pyrene ND. N.D. N.D. + 
Anthanthrene/dibenzopyrene 6 ± 8 8 1 

Benzo[ghi]perylene !I 15 ±19 N.D. 117 288 

1/ !J ? ' '~

[:XX) " .) .. t,;'J Benzo(a)pyreneAnthracene 

~~J.,/~~J 

~ 
2-methyl- !t Benzo(e)pyrene[:)~D'·' 

anthracene 

I~~ 
Cluysene . 

1/ Benzo(gbi)
p«ylene 

~I 

cO~ 
eo 

Fluoranthene 
!/ 

Ot~ 
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published time-weighted-average exposure limit of 50 
ppm carbon monoxide for an 8-hour work shift. 
However, NIOSH generally recognizes 35 ppm carbon 
monoxide for an 8-hour work shift and 200 ppm as 
the ceiling exposure with no defined time. 
Carboxyhemoglobin is created in the blood of humans 
in response to the exposure to carbon monoxide, 
which replaces the capacity of the red blood cells to 
transport oxygen. Generally, a level of 5% carbo
xyhemoglobin results from 3 to 4 hours of exposure to 
carbon monoxide of concentrations of 35 ppmv and 
may result in firefighters showing signs of disorienta
tion or fatigue. 

Aldehydes are a class of compounds containing 
materials that are irritants, some of which have the 
potential to be carcinogenic. Formaldehyde, a known 
carcinogen, is probably the most abundantly produced 
species of this class of compounds and is one com
pound causing nose, throat, and eye irritation during 
exposure to smoke. Formaldehyde is transformed 
rapidly to formic acid in the human body with the 
formic acid removal rate being extremely slow. 

Acrolein is also known to be produced during the 
incomplete combustion of forest fuels. In smoke from 
cigarettes, acrolein is about 10 times more plentiful 
than formaldehyde. Acrolein is known to effect 
respiratory functions at concentrations as low as 100 
ppbv. Studies of pathogenesis in rabbits exposed to 
smoke from low-temperature combustion of pine wood 
(Thorning et a1. 1982) suggest that 
low-molecular-weight aldehydes, including acrolein, 
are the most likely agents of injury (generally injury 
consisted of lesions in l>roximal large airways of lungs 
of rabbits). The ability of scavenger cells in the lung 
to engulf foreign material or bacteria is decreased 
through exposure to aldehyde compounds, which may 
accentuate infections of the respiratory system. 
Persona} communications with Dost (1986) suggest 
that acrolein has a high likelihood of making a 
discernible addition to the irritant character of smoke 
near firelines, and concentrations could be as high as 
0.1 to 10 ppmv near fires. 

Aldehydes as a class of compounds have been 
poorly quantified for forest fuels burned in the open 
environment. Only cursory information is available, 
and work is now under way to monitor aldehydes 
during research burns in the field and laboratory. 

Organic acids are known to form from the combus
tion of biomass fuel, but virtually nothing is known 
about the rates of production or the combustion 
conditions that are most active in the production of 
these materials. It is generally recognized that 
equilibrium conditions set up under high humidity 
conditions could drive reactions toward the production 
of organic acids. Generally aldehydes would oxidize 
to their immediate acidic group under high moisture 
content conditions. Irritation of mucous membranes 
would be expected. 

Both formic and acetic acids should be present in 
high concentrations. For example, Kemnitz and 
Gerstile (1967) reported emission factors for organic 

acids of 7.5 grams per kilogram of fuel consumed for 
burning of municipal refuse, landscape refuse, and 
automobile components. Others have found large 
emissions of formic and acetic acids in the pyrolysis 
decomposition products from cellulosic fuels (Richards 
1989). 

Semivolatile and volatile organic components of 
smoke contain a wide variety of organic compounds, 
many with significant vapor pressures at ambient 
temperatures. Some compounds are partitioned be
tween the gaseous and liquid or solid phases at ambient 
temperature; e.g., benzene, naphthalene, toluene. Fires 
are known to produce a variety of these types of 
compounds, but little characterization work has been 
done. The phenolic compounds are important sub
stances, with different degrees of volatility, some of 
which are strong irritants and may be abundantly 
produced from the partial oxidation of cellulosic fuels. 
Various phenolic compounds are used as starting 
materials in the manufacture of resins, herbicides, and 
pharmaceutical products. Other polynuclear aromatic 
hydrocarbons of low-molecular weight are contained 
with the semivolatile class of compounds. Because of 
the volatility and in some cases reactivity of these 
compounds, special sampling protocols are required 
including charcoal adsorption, porous polymer adsorp
tion, and whole-air sampling. These materials are 
difficult to sample in the environment that firefighters 
work in, and surrogate methods should be developed to 
correlate exposures of the more volatile materials with 
the semivolatile components. Methane and carbon 
monoxide gases are often produced proportional to 
other products of incomplete combustion and may serve 
as indicators. 

Free-radicals are abundantly produced through the 
combustion of forest fuels. The concern lies with how 
long these materials persist in the atmosphere and their 
reactivity when in contact with human tissues. Most 
of the chemical bonding is satisfied through recombina
tion ,of free-radical groups by condensation within the 
few seconds of time it takes for the mixture of ma
terials to exit from the flame which should reduce the 
overall toxicity of these materials. However, some 
free-radicals persist up to 20 minutes following forma
tion and may be of concern if firefighters are exposed 
to fresh aerosols. How much of the organic material 
remains in a reactive, free-radical state is an unknown 
quantity that needs to be studied to demonstrate either 
that the time element or the reactivity of this class of 
materials is not a problem or that additional character
ization is req uired. 

Ozone concentrations of concern close to fires would 
not be expected. Ozone is formed photochemically 
near the top of smoke plumes under high sunlight 
conditions. Generally, ozone is formed in situations 
where smoke is trapped in valleys or under temperature 
inversion conditions of the atmosphere, or both. Fire 
crews working at high elevation locations may encoun
ter elevated levels of ozone. Any effort to characterize 
exposures of firefighters to smoke must account for the 
potential exposure to ozone in areas where crews are 
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working at elevations close to the top of the atmos
pheric mixing layer. OSHA standards exist for ozone. 
and the standard would need to be eval ated in 
conjunction with the other materials contained in the 
smoke from burning of biomass materials. 

Inorganic materials at trace levels are in smoke 
particles. dependent on the chemistry of the fuels 
burned and how intense the fire burns. The natural 
variability of the mineral content of forest fuels is 
large enough to affect the chemistry of the content of 
the emissions. However. the toxicological conse
Quence has not been evaluated. For example. in the 
Los Angeles Air Basin. particles from fires have been 
reported to contain high levels of lead in comparison ' 
to fires in the Pacific Northwest. probably resulting 
from years of deposition of materials in that area 
(Ward and Hardy in press). Special problems have 
been identified in conjunction with areas of high 
asbestos where asbestos fibers are carried with the 
smoke. Areas with high sulfur deposition represent a 
third example. Organic soils of the Southeast, or 
fuels in the vicinity of geyser basins in Yellowstone 
National Park, would be expected to produce emis
sions of sulfur containing gases when burned. 

Prescribed Fire Research 

For logging slash fires of the Pacific Northwest and 
fires in chaparral fuels of southern California, concen
trations of emissions were measured directly over the 
fires (Ward and Hardy 1984.1986. in press). Samples 
were collected separately for the flaming and smolder
ing periods because the flaming and smoldering 
combustion processes produce emissions with different 
characteristics. The information presented here clearly 
illustrates this difference and suggests the kinds of 
exposures that firefighters would receive if they we:~ 
exposed to emissions coming directly from the fires. 
There are relations between different combustion 
products that may be of value in predicting the 
production of many complex materials based on the 
measurement of parameters affecting fire behavior or 
the measurement of a small number of products of 
combustion that can be easily measured. A few 
examples are used in the following paragraphs ,to 
illustrate the potential for simplifying the fireline 
exposure assesssment job. 

Data presented in Table 2 demonstrate concentra
tions exceeding 10 mg/m' , 50 ppmv, and 0.2 mg/m', 
for particles less than 2.5 micrometers diameter. 
carbon monoxide, and benzo[a]pyrene. respectively. 
Fuel, fire, and atmospheric dilution processes all 
contributed to the variances observed in the measured 
concentrations listed in Table 2. The concentration of 
particles in the convection column above fires is high 
(maximum of 28.3 mg/m') but extremely variable and 
ranges down to a low measured concentration of 0.2 
mg/m' during the smoldering combustion phase. 

From Table 2, the concentration of particles less 
than 2.5 micrometers in diameter is correlated with 
the concentration of carbon monoxide (r =0.89). This 

correlation suggests that carbon monoxide concentra
tion may be predicted based on the concentration of 
particles less than 2.5 micrometers in diameter. From 
other research, it has been demonstrated that the 
concentration of particles can be inferred from visual 
range (Southern Forest Fire Laboratory 1976). A 
corollary to this is tha·t if measurements of exposure 
to carbon monoxide can be made. then the exposure to 
particles can be inferred. These kinds of analyses need 
to be expanded to reduce the overall complexity of the 
field monitoring job and to reduce the cost of measur
ing personal exposure on the fireline. 

For the flaming phase (Table 2), the particulate 
matter concentrations are nearly perfectly correlated 
with the concentration of benzo[a]pyrene (r =0.999). 
The same correlation did not hold for the smoldering 
combustion phase. Other indicator compounds. such 
as the concentration of volatile hydrocarbon com
pounds. may be more closely linked to the concentra
tion of benzo[a]pyrene. Correlations with other classes 
of compounds have not been tested. 

To summarize the work of Ward and Hardy (1986) 
for prescribed fires in the Western United States, they 
found: (1) emissions of particulate matter range over 
a factor of 10 dependent on fire and fuel conditions 
that affect combustion efficiency; (2) brushy areas 
produce the most smoke per ton of fuel consumed and 
have higher rates of production of benzo[a]pyrene than 
nonbrushy units; (3) fires of higher intensity (long 
flame lengths) produce proportionately larger particles 
than are found in low intensity and smoldering com
bustion fires; (4) carbon monoxide is abundantly 
produced from open fires and generally. on a mass 
basis exceeds the production of particles by a factor 
of 10; and (5) hydrocarbon gases are a small part of 
the total amount of carbon released from the combus
tion of forest fuels. 

Virtually no measurements exist for aldehydes, 
organic acids, ozone, semivolatile organics. and 
free-radical materials at ground level. Some informa
tion exists regarding the production of particulate 
matter, benzo[a]pyrene, carbon monoxide, methane, 
and carbon dioxide. It is extremely important that 
emissions characterization be performed for a wider 
range of fuel types and burning conditions and that the 
other compounds of concern be evaluated to interpret 
exposures of fireline personnel to smoke. 

Other information from prescribed fires and modeled 
fuel complexes burned under controlled laboratory 
conditions are available to assess fireline exposure 
evaluations. Worst-case situations should be evaluated 
because the adverse health effects are not known and 
may be difficult to Quantify for the average exposure 
conditions. There are cases of exposure to smoke that 
can be identified as causing severe irritation to eye, 
throat, and lung tissues. Examples include prescribed 
fires of recently herbicide-treated brush vegetation on 
the West Coast where the underlying duff fuels are 
moist but with a heavy loading of fine fuels. The fires 
often burn with a high rate of energy release and 
smoldering combustion persists for long periods in the 
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Table 2. Emission factors (grams of pollutant produced per kilogram of fuel consumed) and concentrations of carbon monoxide, fine 
particles. and benzo(a]pynme measured from prescnDed fires in Oregon and Washington dming 1983 and 1984 (Ward and Hardy 1986). 
(Flaming phase - 0 to 20 minutes afta' ignition, arnold.l - 20 to 80 minutes aftez ignition, smold.2 - 80 to 200 minutes after ignition.) 

Test Area Phue of Emission factor Concentration 
combustion Carbon P.ticu1ate Carbon Particulate B[a1P 

monoxide matter monoxide matter 
(g/kg) (g/kg) (ppmv) (mg/m') (J.Lg/m') 

CAT Flaming 112 13 146 19.4 .158 
HEBO Flaming 94 16 113 21.7 .177 
MARIA 1 Flaming 101 12 134 18.4 .150 
MARlA2 Flaming 
DLAKE1 Flaming 82 10 202 28.3 .231 
DLAKE2 Flaming 56 6 191 213 .174 
BEl Flaming 66 7 21 2.4 .020 
BE2 Flaming 50 4 88 8.5 .069 
BE3 Flaming 28 1 72 35 .029 
WCB1 Flaming 63 4 256 20.6 .168 
WCB2 Flaming 63 4 180 13.3 .108 
CAT Smold.l 198 18 75 7.6 .183 
EBO Smold.l 231 14 29 2.0 .145 
MARIA1 Smold.1 201 14 224 17.8 .146 
MARIA2 Smold.l 359 34 15 1.6 .356 
DLAKE1 Smold.1 130 11 34 33 .118 
DLAKE2 Smold.l 196 11 93 6.1 .118 
BEl Smold.l 233 18 114 10.1 .189 
BEl Smold.1 222 13 120 7.9 .133 
BE3 SmolcLl 220 15 334 25.7 .155 
WCB1 Smold.1 251 11 77 3.8 .111 
WCB2 SmolcLl 252 11 129 6.4 .115 

CAT Smold.2 197 9 22 1.2 .107 
HEBO Smold.2 
MARIA1 Smold.2 260 12 63 3.3 .138 
MARIA2 Smold.2 358 22 
DLAKE1 Smold.2 156 29 
DLAKE2 Smold.2 222 13 29 1.9 .146 
BEl Smold.2 180 8 15 0.8 .094 
BE2 Smold.2 54 6 3 0.4 .066 
BE3 Smold.2 248 42 
WCB1 Smold.2 393 4 22 0.2 .044 
WCB2 Smold.2 460 11 27 0.7 .122 
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decomposed fuels. Emissions from these kinds of 
fires are known to contain high ratios of PAH com
pounds to particulate matter and may produce large 
quantities of other partially oxidized organic com
pounds, i.e., organic acids and aldehydes. 

In the Southeastern United States, laboratory test 
fires of modeled pine needle litter fuel beds produce 
high ratios of benzo[a]pyrene to particulate matter for 
backing fires in comparison to heading fires. This 
particular set of conditions needs further evaluation 
because emissions from backing fires could be an 
extreme case for the production of the known 
carcinogenic substance. 

Carbon monoxide was found to be produced in the 
highest ratio to the fuel consumed during the smolder
ing combustion phase. However, the concentration of 
carbon monoxide in the smoke was high during the 
flaming combustion phase when the rate of fuel 
consumption was highest (see Table 2). Under these 
conditions, at leas,t two classifications of workers 
would receive maximum exposures: (1) personnel 
involved in frontal attack of a spreading fire working 
close to the fire front, and (2) personnel involved in 
mop-up operations during the early stage of the 
diedown period at the termination of flaming combus
tion and beginning of smoldering. Additional work is 
needed in both of these cases and others to define the 
levels of exposure by job classification. 

Experience in Fireline Exposure Assessment 

Several independent studies have been performed 
over the past 15 years to evaluate the exposure of 
fireline personnel to smoke. Many factors complicate 
these investigations and must be considered in future 
measurements of exposure: 

1. 	 Firefighters often work 12 to 24 hour shifts 
during initial attack of wildfires. This compli
cates the use of normal workplace industrial 
hygiene methods. ' 

2. 	 The composition of the particles is extremely 
complex and many times has a significant dust 
component. Therefore, future methods must 
consider the aerosol characteristics in designing 
the sampling protocols. 

3. 	 The exposure levels are highly variable, which 
makes the industrial hygiene sampling difficult. 

4. 	 Everyone understands the difficult terrain, 
frequent high-temperature exposures, and dusty 
conditions associated with firefighting ac,tivities. 
Few understand the complexity of sampling 
combustion products from open combustion 
sources burning under a wide range of air-to-fuel 
ratios, moisture contents, and fuel composition 
conditions. The level of complexity introduced 
by these other variables makes the job of fireline 
exposure assessment extremely difficult. 

Considering all of the complicating factors, some 
useful information has emerged from the studies 
performed. Six studies are listed here. 

EQUIPMENT DEVELOPMENT CENTER--lt74-1'7'. 

The Missoula Equipment Development Center 
(Jackson and Tietz 1979) performed exhaled breath, 
carboxyhemoglobin analyses on 1,661 nonsmoking 
firefighters on 22 separate fires (11 wildfires and 11 
prescribed fires). Results indicate that 159 of the 
firefighters had carboxyhemoglobin levels above 5%. 
The combined effect of other products of -incomplete 
combustion and heat stress coupled with carbon 
monoxide have not been examined. Initial attack crews 
were identified as the personnel receiving the highest 
levels of exposure. 

HAPPY CAMP nRE COMPLEX (1"7) 

Data from the local Air Quality Management 
District stations indicated that ambient levels of carbon 
monoxide at Happy Camp, the incident command center 
for the Klamath Fire Complex in northern California 
during 1987, exceeded 50 ppm for one period of about 
1 hour (California Department of Health Services 
1989). Biological monitoring (exhaled breath) for 
carbon monoxide indicated that cigarette smoking 
(first) and time on the fireline (second) were the most 
important determinants of dose. Of those tested, 18% 
exceeded the level of exposure that would produce 5 % 
carboxyhemoglobin (California Department of Health 
Services 1989). Air sampling results indicated the 
greatest exposure--in excess of 200 ppm carbon 
monoxide--occurred near operating gasoline engines 
during pumping activities. Benzene samples were 
generally at or below the limit of detection. Total dust 
levels ranged from 1.8 milligrams per cubic meter of 
air at base camp to 17.5 milligrams per cubic meter of 
air on the fireline. Coughs and headaches were 
frequently reported symptoms described by firefighters. 

BURNEY AND MT. CAMPBELL, MT. LASSEN 
AREA 0' CALlJ'ORNIA (1'••) 

This study focused on smoke exposure to fire
fighters engaged in mop-up operations on the fireline 
during two timber fires in Northern California. Total 
dust was collected and analyzed for mass and for 12 
polynuclear aromatic hydrocarbons (PAH). Blood 
samples were collected from firefighters to measure 
uptake of harmful chemicals by the body. In addition, 
colorimetric indicator tubes and direct reading instru
ments were used to estimate exposure to carbon 
monoxide and oxides of nitrogen. Industrial hygienists 
remained with the fire crews during sampling to 
observe how work practices related to exposure. 

PAH of known carcinogenicity were recovered from 
all 22 samples collected. Total PAH levels averaged 
about 0.9 micrograms per cubic meter. Concentrations 
of individual PAH compounds were measured and 
varied over one order of magnitude among samples. 
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Total dust levels varied widely with maximum levels 
of 37.5 milligrams per cubic meter, which exceeds the 
permissible exposure limit for nontoxic dusts. Carbon 
monoxide levels exceeded 200 parts per million 
adjacent to gasoline-powered pumping engines. 
Carbon monoxide levels varied widely during fire 
suppression activities ranging from 3 in "clean" air on 
the fireline to 80 parts per million in plumes of smoke 
from smoldering areas. Carbon monoxide levels were 
extremely variable locally. 

PRESCIlDED naE CREWS OJ' PAClnc 
NORTHWaT-(ltU-ltlt) 

Four prescribed bums were monitored in 1988 for 
carbon monoxide and formaldehyde (Reinhardt 1989). 
Results suggest that prescribed burning has a potential 
for brief overexposure of firefighters to several air 
toxics in smoke but that well-managed burns minimize 
the smoke exposure hazards. Time-weighted averages 
measured on the prescribed fires were no higher than 
26 ppm v for carbon monoxide and no higher than 
0.212 ppmv for formaldehyde. Both are within safe 
limits by NIOSH standards. 

Many more tests are planned for 1989 in conjunction 
with prescribed burning programs in the Pacific 
Northwest and California. The tests will provide new 
information concerning exposures of personnel and 
will be used as a pilot-scale test for sampling 
methods, correlation analyses, and ranges of exposures 
as functions of a multitude of variables. 

nRELINE EIPOSUU: ASSESSMENT BY mOSB 
J'OR THE YELLOWSTONE naU-(ltll) 

NIOSH performed personal monitoring for a number 
of crews on the Yellowstone fires of 1988 at the 
request of the National Park Service (Reh 1989). The 
survey consisted of personal breathing zone air 
sampling for carbon monoxide, carbon dioxide, sulfur 
dioxide, and oxides of nitrogen. Area sampling was 
performed for the above compounds and aldehydes, 
PAR compounds, total particulate matter, and volatile 
and semivolatile hydrocarbons. The highest carbon 
monoxide level recorded was 23 ppmv. Personal 
breathing zone samples for sulfur dioxide were 
between 0.5 and 5.0 ppmv. 

J'JRELINE EIPOSUU ASSUSMENT ON 
MANAGEMENT naE IN SOUTHEAST (It.). 

The USDA Forest Service and University of Georgia 
in the southeastern United States performed personal 
breathing zone and area sampling of prescribed fires 
where herbicides had been used to defoliate the 
vegetation prior to burning (McMahon 1989). No 
herbicide residue was found. Breathing zone samples 
of particulate matter ranged from 350 to 4000 micro
grams per cubic meter of air sampled for periods of 1 
to 5 hours. 

SUIOIARY OJ' naELINE EIPOSURE ASSESSMENT 

The existing set Of case histories serves to illustrate 
the wide range of e'xposures encountered by fire
fighters. These measured exposures, in general, are 
quite low. Fireline exposure assessment protocols need 
to be developed to systematize the characterization of 
emissions, the duration of exposure, and the specific 
job of the firefighter. Measurements of exposure for 
hand crews are not representative of exposures for 
operators of pumper trucks. Dust associated with many 
activities far exceeds the level of exposure to smoke 
particles. Carboxyhemoglobin levels are high in some 
cases and special attention needs to be given to moni
toring for carbon monoxide exposure. Other materials 
have not been quantified nor do good methods exist for 
measuring the exposure of fireline personnel to organic 
acids, PAH compounds, and other reactive materials. 

Conclusions 

The agencies responsible for the management of 
fires in wildland vegetation (both the control of 
wildfires and the execution of managed fires) are 
aggressively seeking information concerning the 
potential adverse risk of exposure of fire personnel to 
smoke. New information is needed regarding what is 
in smoke, the toxicity of the smoke, and the concentra
tions and time of exposure to the smoke. 

Considerable knowledge exists regarding the content 
of smoke from prescribed fires in wildland fuels. 
These measurements suggest that simplified sampling 
techniques can be developed using easily measured 
compounds to predict other compounds that are more 
difficult to sample and to assess using analytical 
techniques. If the development of surrogate sampling 
methods is successful, a large data base can be devel
oped concerning the exposure of fire management 
personnel to smoke. 

Large variances exist associated with the production 
of smoke combustion products and exposure to the 
materials of concern. Toxicity of the combination of 
combustion products is dependent on the relative 
concentrations of the individual compounds as well as 
the overall concentration and length of exposure. 
There are individual toxicities associated with many of 
the compounds found in smoke. The combined toxicity 
of these substances is not known. A detailed set of 
studies is being planned by the National Wildfire 
Coordinating Group to provide answers so that risk 
management options can be exercised. 
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