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Abstract

Smoke exposure is often an inevitable side effect of open vegetation fires (both
planned and wild) and is an important public health concern. The objective of this
paper is to summarize state-of-the-art knowledge on health and environmental im-
pacts of smoke from vegetation fires, to identify research gaps, and to provide needed
information to researchers, land managers, policymakers, health care workers, and
the general public. The main components of vegetation fire smoke and their charac-
terizations are identified and evaluated. Concentrations, emission ratios, and emis-
sion factors of smoke components and the combined health and environmental ef-
fects of all hazardous smoke components from vegetation fire smoke exposure are
summarized. Trends in risk assessment of vegetation fire smoke, limitations of cur-
rent research, and future research needs are discussed.
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1. Introduction

Vegetation fires, both planned and wild, usually include grassland, forest, and agricul-
tural crop residues. Smoke exposure is often an inevitable side effect of open vegetation
fires and is an important public health concern. Smoke also contributes to regional haze
and changes the reflective albedo of the atmosphere, thus affecting climate [1]. Current
knowledge of the health impacts of particulate matter (PM) in the air comes mainly
from epidemiology studies of urban pollution; however, combustion-derived aerosols
in vegetation fire smoke usually differ markedly from urban aerosols in their constitu-

ents and characterizations, and thus can have different toxicological effects. In a study
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of wildfires in California, Wegesser et al [2] found that PM under the influence of fires
was about 10 times more damaging to alveolar macrophages than PM collected under
normal conditions on an equal-dose basis; therefore, simply extrapolating findings on
health impacts of urban pollution to fire smoke pollution may be inappropriate [3]. The
number of studies on smoke from vegetation fires and its impacts is relatively small due
to inherent difficulties in field measurement [4], the uncertainties of scaling from la-
boratory experiments to real open fires [5], and the lack of appropriate individual
health data associated with fire events [3]. Scientific information on characterization of
smoke components, levels of exposure, and their associated health and environmental
impacts has not been readily accessible. The objectives of this paper are to summarize
state-of-the-art knowledge of the health and environmental impacts of smoke from ve-
getation fires, identify research gaps, and provide needed information to researchers,

land managers, policymakers, health care providers, and general public.

2. Conditions of Combustion and Production of Smoke

Characterization of fire smoke depends on the chemical composition of the fuel and
combustion conditions. Vegetation fuels may consist of celluloses, hemicelluloses, lig-
nins, proteins, amino acids, and other metabolites, including volatile substances (alco-
hols, aldehydes, terpenes, etc.), minerals, and water, with the typical carbon content
ranging from 37% - 54% [6]. Smoke compounds from vegetation fires contain mainly
carbon, oxygen, and hydrogen, which are predominantly a function of combustion
conditions. Combustion conditions determine efficiency and products of combustion.
In complete or highly efficient combustion, the fuel burns oxygen (O,) and primarily
yields carbon dioxide (CO,) and water. Combustion efficiency can be evaluated using
the ratio of carbon released as CO, over total carbon. The two main factors directly af-
fecting combustion efficiency are combustion temperature and availability of O, [7]
(Figure 1). The combustion temperature depends on air and fuel temperature as well as
fuel properties such as the heating value and the specific heat capacity, and it deter-
mines the molecular alteration and transformation of emitted organic compounds [1].
Availability of O, depends on wind, turbulence, and characteristics of the fuel, such as
vegetation density, shape, and structure [8]. When fuels are heated to the ignition
point, flaming occurs; temperatures in this phase range from 325°C to 350°C [9]. Hot
flaming fires produce more nitrogen oxides (NO,), but less carbon monoxide (CO),
unburned hydrocarbons, and PM than non-flaming fires [5]. Flaming combustion with
sufficient O, is highly efficient and usually results in minimal smoke and toxic com-
pounds. Flaming combustion in a low-O, environment leads to high yields of CO and
smoke [7]. Tewarson et al [10] found smoke generation increased by up to 2.8 times
under ventilation-controlled conditions. On the other hand, when temperatures are
below the auto-ignition temperature, pyrolysis occurs in the absence of flaming. This
lower-temperature process (200°C - 300°C) produces a much greater quantity of in-
completely oxidized pyrolysis products including PM, CO, and other toxic products

than flaming combustion [11] [12]. Anaerobic pyrolysis may yield even more toxic
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Figure 1. Conditions of combustion and production of smoke.

compounds than oxidative pyrolysis due to further limitation of O, [7]. Both oxidative
and anaerobic pyrolysis (non-flaming fires) are commonly described as smoldering
[13]. Emissions of PM during smoldering conditions can more than double emissions
under flaming conditions [9] [14], and emissions of polycyclic aromatic hydrocarbons
(PAHs), organic carbon (OC), elemental carbon (EC), etc., are characteristic of smol-
dering, low-intensity burns [15]. Incomplete combustion due to low temperatures and
alow-O, environment result in the greatest quantities of smoke and toxic compounds.
In open vegetation fires, a moving fire front passes through a fuel bed, such as a
grassland or forest [6]. Different combustion conditions may occur simultaneously at
different locations within the fire environment [7]. Their proportions and the prevalent
conditions vary over time, typically with more flaming in the earlier part of the fire and
more smoldering during the latter part [6]. The overall mixture of combustion products
is usually determined by the amount of smoldering combustion, which is affected by
fuel properties. The moisture content of vegetation fuel, for example, varies considera-
bly and can affect production of smoke by influencing temperature and availability of
O,. When the moisture content is too high, an appreciable amount of energy is neces-
sary to vaporize the water. Water vaporization lowers temperature, which favors smol-
dering and increased smoke formation [16]. On the other hand, vegetation with lower
moisture content burns faster, eventually causing O,-limited conditions that also lead
to increased smoke formation [1]. Core et al [16] [17] found the optimal moisture

content in terms of minimizing PM emissions is 20% - 30% for wood combustion.

3. Main Components of Vegetation Fire Smoke

Vegetation fire smoke is a complex mixture of airborne solid and liquid PM, vapors,
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and gases, which can contain thousands of individual compounds with a huge range of
chemicals in categories such as PM, volatile and semi-volatile organic compounds
(VOCs and SVOCs), inorganic gases, and water vapor [8] [18] [19] (Table 1). Various
chemicals are produced by incomplete burning of carbon-containing materials and de-
pend on the nature of the fire and the combustion conditions [7] [20] [21] [22]. Despite
some commonalities, fires can be significantly different from each other, and each fire

may ultimately need to be considered individually for their characteristics.

3.1.PM

PM is the solid or liquid component of smoke, which is highly visible and is the prin-
cipal public health concern from smoke exposure. The main compositions in PM include
elemental carbon (EC, also known as soot or black carbon, 2% - 20% of PM mass) [22]
[23], organic carbon (OC, 60% - 70% of PM mass [24], and inorganic ash [22] [24]. EC

are primary particles that form as a result of incomplete combustion of carbon-based

Table 1. Summary of main components in vegetation fire smoke.

Category Components Characterization

Health and environmental impacts

Complex mixtures of EC, OC and
PM inorganic ash; 70% - 90% of PM is PM, 5;
can be transported over long distances.

EC Primary particles; 2% - 20% of PM mass.
Particles
oc Primary or secondary particles; 60% - 70%
of PM mass.
Trace . .
Concentrate in the fine particles.
elements
Acrolein Can be adsorbed on particles.
VOCs Formaldehyde Can be adsorbed on particles.

Found in both cigarette smoke and

Isocyanic acid .
vegetation fire smoke.

Act as vehicles to carry absorbed hazardous compounds into the respiratory tract;
increases respiratory and cardiovascular mortality and morbidity, including
asthma and emphysema; contributes to regional haze and impair visibility.

Scatters and absorbs solar radiation, thus affecting climate.

Some are carcinogens or irritants.

Some metal elements are toxic.

An organic irritant and a potent lachrymatory agent.

An organic irritant and a carcinogen linked to nasal and
throat cancer and leukemia.

Contribute to cardiovascular problems and inflammation.

Specific species varies with composition of
SVOCs PAHs vegetation; condense or adsorbed onto fine
particles or as volatiles in the vapor phase.

Carcinogenic and mutagenic.

CO, Dependent on availability of O,. Greenhouse gas
co Dependent on availability of O,; abundant Toxicity due to reducing oxygen-carrying capacity of the blood,
only in immediate vicinity of fire. known as hypoxia.
Permanent ) ) ) )
gases CH, Global warming potential 21 times higher Greenhouse gas
than CO,,.
Reactive; concentrations change with .
NO, ) Irritant and precursors of O,.
distance from fire.
Water vapor Can condense onto fine particles. Contributes to regional haze and impairs visibility.
S d S d duct of NO,, VOCs and CO;
econdary O, econdary product 6 b ‘S an Causes chest pain and respiratory problems.
products can be transported over long distances.

PM = particulate matter; PM, ; = particulate matter that less than 2.5 um in equivalent aerodynamic diameter; EC = elemental carbon; OC = organic carbon; VOCs =

volatile organic compounds; SVOCs = semi-volatile organic compounds; PAHs = polycyclic aromatic hydro-carbons; CO, = carbon dioxide; CO = carbon monoxide;

CH, = methane; NO, = nitrogen oxides; O, = ozone.
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materials. OC can be primary particles or secondary particles that are formed through
gas-to-particle conversion processes such as nucleation, condensation, and agglomera-
tion [8]. The hot vapors of low-volatility organic products can either nucleate or con-
dense on the surface of pre-existing particles as the smoke plume cools down, yielding
fine particles [25]. Many of these organic compounds are irritants, and some are carci-
nogens. Trace metal elements are known to concentrate in fine particles.

Size distributions of smoke PM are sensitive to specific combustion conditions but
generally can be well represented by a bimodal log-normal distribution with a fine par-
ticle mode with mass median aerodynamic diameter (MMAD) around 0.1 - 0.3 um and
a coarse particle mode with MMAD around 5 - 10 pm [23] [26] [27]. Fine particles are
produced from combustion, and larger particles are entrained into the smoke column
as a result of the turbulence and buoyancy generated by the fire [26]. About 90% of PM
in biomass smoke is PM,;, (10 um or smaller in equivalent aerodynamic diameter) [28]
[29] [30]. About 70% - 90% of PM in smoke is PM,;, (2.5 pm or smaller in equivalent
aerodynamic diameter) [4]. Particles of this size range are not easily removed by gravi-
tational settling and therefore can be transported over long distances [23] [31]. The size
of particles in the air affects their potential to cause health problems. The depth of par-
ticle penetration into the lungs and the likelihood of their exhalation depend on their
size [32]. Coarse particles affect the nasopharyngeal region, whereas fine particles can
penetrate the large airways of the trachea, bronchi, and bronchioles and even reach the
alveoli [20] [33].

Inhaled fine particles can cause an inflammatory response in the respiratory system
even though the material itself is inherently nontoxic [34] [35]. Ultrafine EC particles
have a core structure of graphitic spheres around 20 - 40 nm, which offers large surface
area for radical production and has great potential to cause inflammation [36]. In vitro
toxicology studies have shown that carbonaceous fine particles in fire smoke are capa-
ble of initiating the production of free radicals [37]. Ultrafine particles also show a great
degree of active inhibition of phagocytosis (by which particles are removed from the
lungs) [38]. On the other hand, coarse particles were found to be relatively rich in en-
dotoxin, a family of lipopolysaccharides known for its inflammatory ability. Therefore,
both coarse and fine fractions induced inflammation in vitro, but for different reasons
[36] [39]. In a study of wildfires in California, Nakayama et al [40] found PM from air
in an urban area and that near a wildfire induced very different inflammatory, oxidative
stress, and xenobiotic responses in human bronchial epithelial cells. Smoke PM acts as
a vehicle to carry absorbed hazardous compounds into the respiratory tract [8]. The
absorbed hazardous compounds may include VOCs such as formaldehyde and acrolein
[32], SVOCs such as PAHs and dioxin [7] [20], gases such as nitrogen dioxide (NO,)
[18], and heavy and toxic metal elements such as Pb and Hg [41]. The inhalation of PM
may cause coughing, asthma, upper and lower respiratory tract infections, COPD

(chronic obstructive pulmonary disease), and ischemic cardiomyopathy [4] [42] [43].

3.2.VO0C

Combustion of organic material can result in the formation of organic irritant products
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such as a range of VOC gases called aldehydes [7]. Of this group, formaldehyde and
acrolein are most commonly considered, although they may not be the sole organic ir-
ritants, and other compounds such as acetaldehyde and butyraldehyde also may be
present in fire smoke [44] [45]. Combustion of cellulose-based material such as wood
has been demonstrated to evolve significant quantities of formaldehyde and acrolein
[7].

Aldehydes can irritate eyes and the respiratory system and may trigger asthma [27].
They can also cause contact dermatitis and urticaria [43]. Formaldehyde is a potent
sensory irritant; it causes mild to moderate irritation of the upper respiratory tract and
eyes at concentrations of 0.2 - 3 ppm [46] and may decrease sensory capacity [4]. For-
maldehyde was long considered a probable human carcinogen based on experimental
animal studies and limited evidence of human carcinogenicity [47]. Long-term inhala-
tion of formaldehyde may cause nasal and nasopharyngeal cancer [48]. In June 2004,
the International Agency for Research on Cancer (IARC) reclassified formaldehyde
from a probable human carcinogen to a known human carcinogen based on sufficient
epidemiological evidence that formaldehyde causes nasopharyngeal cancer in humans
[49]. Acrolein, which is known to affect respiratory functions at concentrations as low
as 100 ppb [27], is the most potent of the irritants, causing the onset of lachrimation
and eye irritation at concentrations of 0.5 - 5 ppm within a 10-min exposure period
[50], and it causes cellular toxicity in the upper respiratory tract and ciliary stasis [43].
Acrolein inhibits the ability of scavenger cells in the lungs to kill bacteria, thus increas-
ing the possibility of respiratory infection [51].

Isocyanic acid is a potentially toxic compound found in both cigarette smoke and
vegetation fire smoke, and it was recently identified in outdoor air under the influence
of wild fires [52]. The limited information available indicates the acid could contribute
to cardiovascular problems and inflammation, although effects at the concentrations

present in wild fire smoke have yet to be observed [3].

3.3.SVOCs

Incomplete combustion of organic material in a low-O, environment can produce more
complex molecules in the form of SVOCs such as PAHs, which are mixtures of a large
group of organic compounds containing a minimum of two fused benzene rings [7]
[27]. Some of the most commonly known PAHs include benzo(a)pyrene (BaP), naph-
thalene, and anthracene [53]. The distribution of combustion PAHs in fire smoke is
associated with aerosols, either on particles or as volatiles in the vapor phase, and they
can be disseminated from their sources over regional areas and potentially transported
over global distances [1]. Elevated levels of PAHs in large areas were observed during
the 1997 fires in Indonesia [54]. Emissions of PAHs were measured in a wind tunnel for
simulated open burning of cereal grasses and tree prunings [55] [56]. Lighty et al [5]
found that PAHs emissions were more strongly influenced by burning conditions than
by the type of fuel, because weakly spreading fires were observed to produce higher le-
vels of the heavier PAHs, with more of the PAHs partitioned to the particulate phase.
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For low-intensity backing fires, the ratio of BaP to PM is higher by almost 2 orders of
magnitude over that for heading fires [57].

Many of the PAHs compounds are known to be potentially carcinogenic and muta-
genic based on animal experiments or data from occupational exposure to PAHs mix-
tures [7]. The anthropogenic PAHs sources, mainly from combustion processes, are by
far the major contributors of hydrocarbons with known health hazards to the environ-
ment [1]. Clinical trials have demonstrated the carcinogenic effects of over 30 PAHs
and hundreds of PAHs derivatives [58]. High-dose exposures of some PAHs increase
the risk of bladder cancer and lung cancer [59]. Most of the experimental data relating
to carcinogenicity of PAHs is from chronic exposure studies in animals. Risks from a

single acute exposure remain uncertain and are likely to be small [7].

3.4. Permanent Gases

The dominant fraction of vegetation fire emissions is released as carbon with CO, and
CO representing about 90% - 95% of the total emitted carbon [6]. Less than 5% of the
carbon is emitted as PM [22], and most of the remaining carbon is composed of CH,,
VOCs, and SVOCs [11] [60]. Both CO, and CH, are important greenhouse gases
(GHGs). Inhalation of CO, at concentrations in most fire smoke is not considered to
cause significant toxicity on its own but will give rise to physiological effects that en-
hance the toxicity of other combustion products [7]. An increase in CO, concentration
will stimulate the rate and depth of respiration, and a 50% increase in respiratory
minute volume was observed at concentration of 2% CO, [61]. The production of CO
in a fire is dependent on availability of O,, and it is often second in abundance to CO,
and water vapor in vegetation fire smoke. The toxicity of CO is a concern due to the
fact that the affinity of hemoglobin for CO is 200 - 250 times greater than the affinity
for O, [62]. In response to the exposure to CO, production of carboxyhemoglobin
(COHD) is increased in the blood of humans, which reduces the capacity of red blood
cells to transport O, [27]. In excessive amounts, COHb causes O, deprivation, damages
body tissues, induces coughing and cold-like symptoms, and complicates atherosclero-
sis and coronary heart disease [24] [63]. Symptoms of CO exposure at concentrations
below lethal level may include neurological effects such as headache, weakness, dizzi-
ness, confusion, visual impairment, and coma [62].

Nitrogen oxides (NO,) such as nitric oxide (NO) and NO, are commonly present as
mixtures in fire smoke. Because of the fairly low combustion temperatures in vegeta-
tion fires, atmospheric N, is not converted to fixed nitrogen to a significant extent, and
the nitrogen species emissions are based only on fuel nitrogen [6]. Linear relationships
have been found between fuel nitrogen content and NO, emissions in savanna fires
[64]. The most abundant N species in smoke is NO, and NO, represents around 10% of
NO, in smoke near the fire [12] [65]. In smoke away from the fire, more NO, is likely to
be present because NO will be converted to NO, when sufficient O, is present [6]. NO,
has been shown to cause significant increases in airway resistance in healthy individuals

at exposures as low as 2.5 ppm, and individuals with asthma are more sensitive, with a
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threshold around 0.2 ppm [7]. NO, are less soluble than other irritant gases and are
therefore more likely to reach the bronchioles and alveoli following inhalation, giving

rise to pulmonary damage [7].

3.5. Water Vapor

The water vapor from fire can condense onto fine particulate matter and increase haze
formation. High moisture content in vegetation fuels reduces combustion efficiency

and produces more smoke.

3.6. Secondary Products of the Smoke Plume

Secondary products can be produced in the smoke plume through photochemical reac-
tions under solar radiation. VOCs, NO,, and CO have been identified as precursors to
ground level ozone (O,) [66]. The production of O, occurs either in the original plume
or as a result of the smoke plume interacting with existing pollutants in the atmosphere
[18]. Elevated O, concentrations by up to 50 ppb for a short period of time were ob-
served at the edge of fire smoke plumes and in smoke plumes traveling long distances
and affecting large areas [67] [68] [69] [70]. The ambient O, concentrations were in-
creased by about 20 ppb above background levels throughout a 2 million km® region
during the seasons of large-scale tropical vegetation fires [71]. Exposure to O, can cause
chest pain, headaches, respiratory problems such as pulmonary edema, and aggravation

of pre-existing asthma and pre-existing arrhythmia [4].

3.7. Other

Free radicals are abundantly produced in combustion. Some free radicals persist up to
20 min following formation and may be of concern to people exposed to them because
free radicals may react with human tissues [27]. Radioactive species can occasionally be
found in vegetative fire smoke. Their origin can be radioactively contaminated vegeta-
tion fuel [8]. Herbicides and insecticides sprayed on vegetation may also become
re-suspended in the air, although research suggests that concentrations would be well
below levels that pose known health risks [72]. Dioxins are extremely persistent and
widely distributed in the environment. They are found in soils in remote areas and are
sometimes present in vegetation fire smoke [20] [72] [73]. Dioxins increase susceptibil-
ity to infections (for example, Staphylococcus aureus) by inhibiting humoral immunity
and by affecting T-lymphocytes and B lymphocytes [74]. SO, are usually produced in
small quantities because sulfur content in vegetation fuel is generally low [18] [75];
however, high amounts of sulfur-based compounds can be produced when sulfur-rich

vegetation or soil are burned, such as the Yellowstone National Park fires [76].

4. Concentrations, Emission Ratios, and Emission Factors

Determining concentrations of smoke components is difficult due to the dynamic situ-
ation and rapid changes in concentration profiles in space and time. Particulate matter

in smoke is a dynamic entity in terms of its concentration, size distribution, and chem-
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ical content due to coagulation, diffusion, deposition and sedimentation of particles,
and condensation, adsorption and desorption of gases on the particles [32]. Some ha-
zardous compounds in smoke such as CO are present only in significant quantities in
the immediate vicinity of the fire [7], whereas O; is present only downwind of fire-
transport over distances [8]. NO, concentrations change with distance from fire [6].
Organic irritants (acrolein, formaldehyde, etc.), complex molecules (PAHs, dioxins,
etc.), and PM,; can be transported long distances and be present in the smoke plume
far away from the source [1] [7] [8].

The two parameters often used to characterize emissions from fires are emission fac-
tor and emission ratio. Emission factor is defined as the amount of a smoke component
generated per unit mass of fuel burned. Emission factor of PM, sometimes also referred
to as smoke yield, ranges from fractions of a percent to about 20% of the fuel mass [32].
Smoke ratio relates the emission of a smoke component of interest to that of a reference
component, such as CO, or CO [6]. Fully oxidized compounds correlate best with CO,,
whereas partially oxidized compounds and hydrocarbons tended to correlate linearly
with CO [77]. Emission ratios are usually expressed in terms of molar ratios for gases,
or in units of g per kg CO,-carbon for PM. Le Canut et al. [78] and Delmas et al [79]
discussed various techniques for calculation of emission ratios and emission factors. A
carbon balance method is often used to determine carbon mass in a smoke component
as a fraction of the carbon mass in the total combustion products (CO,, CO, PM car-
bon, CH,, and VOCs). When deriving emission factors from emission ratios, a fuel
carbon content of 45% is usually assumed if the data are not available [6] [32].

Concentrations, emission ratios, and emission factors of smoke components from
vegetation fires in the literature are summarized in Table 2. Results from different stu-
dies are highly variable largely due to variability in fuel and combustion conditions.
The PM,, and PM, ; concentrations at downwind communities under influence of ve-
getation fire smoke can be significantly higher than the corresponding air quality stan-
dards. Concentrations of acrolein were below the National Institute for Occupational
Safety and Health (NIOSH) 8-hr exposure limits, whereas concentrations of formalde-
hyde were higher than the NIOSH 8-hr exposure limits both at fires and in downwind
communities. The contribution of vegetation fire smoke on downwind O, concentra-
tions is a big concern, because it can be as high as 67% of the current 8-hr O, standard.

Inventory estimates of emissions of smoke components from open fires are tradi-
tionally calculated from empirical emission factors, ecosystem-based estimates of fuel
loading per area, burned area, and combustion completeness using the equation: E = A x
FL x CC x EF [5] [60], in which E is fire emissions; A is burned area; FL is fuel load,
which depends on vegetation type, climate, soil type, time since last fire, and other
competing processes; CC is combustion completeness, which describes the fraction of
the fuel that is combusted during a fire event, depending on the type of fire, the type of
fuel, and its moisture content [60]; EF is emission factor. Detecting burned area over
large scales is not easy. Recent burn area products are often based on high-quality satel-
lite data [106] [107].
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Table 2. Concentrations, emission ratios, and emission factors of smoke components from vegetation fires in the literature.

Observed daily concentrations
Standards or

Air pollutants At the fires At downwind exposure limits Emission factors or emission ratios
communities
Total PM [27] [76] 200 - 47,600 pg/m? [31] [76] 100 - 600 pg/m> - [6] [32] [102] [103] 6 - 11 g/kg DM
PM,, [54] [80] 1300 - 1800 pg/m® [81]-[92] 6.4 - 852 pg/m® ®150 pug/m? -
PM,; [80] [93] 148 - 6865 pg/m’ [[9765]] [[9872]] 6[383_]45)9511523 @35 ug/m? [6] [32] 5 - 9 g/lkg DM
Acrolein (58] 199] [1oo]p[;oml] 0.018 - 0.071 [101] 0.009 ppm ®0.1 ppm [6] 0.08 - 0.18 g/kg DM
Formaldehyde [73]0[39?]0 2;):]})1[;?1 1] [76] [101}1 ;)r.:l)z -0.047 0,016 ppm [6[]27[]12 ].ooiig n)loil/ i/l;lgéDOM
Isocyanic acid - [52] 600 ppb - -
PAHs . - ©200 pg/m? [6] 0.0024 - 0.025 g/kg DM
BaP [27] 0.102 - 0.161 pg/m? [99] 0.0071 pg/m? - [27] [104] 8.2 - 126.4 g/kg PM
Acenaphthene [76] 0.57 - 1.53 pug/m? [76] 0.83 - 0.89 ug/m* - -
Naphthalene [76] 0 - 3.27 pug/m® [76] 0 - 3.53 pg/m? - -
Phenanthrene [98] 0.38 pg/m® - - -
Co, [76] [80] 350 - 1000 ppm. - ®5000 ppm [6] [11] 1580 - 1684 g/kg DM
CO  [27][76] [80] [98] [101] 1 - 140 ppm [76] [97] [101] 1 - 6 ppm (:)3952‘;; [6] [11] 65 - 104 g/kg DM
CH, ) ) ) [6] [11] 2 - 7 g/kg DM
[27] [102] [103] [104] [105] 0.029 - 0.140 mol/mol CO
NO, - [86] [90] Slight increase ©100 ppb (6] 2 - 4 g/kg DM
0, . [67] [71] Up by 50 ppb @75 ppb -

PM = particulate matter; PM,, = particulate matter that less than 10 um in equivalent aerodynamic diameter; PM, ; = particulate matter that less than 2.5 ym in
equivalent aerodynamic diameter; PAHs = polycyclic aromatic hydrocarbons; BaP = benzo(a)pyrene; CO, = carbon dioxide; CO = carbon monoxide; CH, = methane;
NO, = nitrogen oxides; O; = ozone; DM = dry matter. (a) National Ambient Air Quality Standards (NAAQS) 24-hr standards; (b) National Institute for Occupational
Safety and Health (NIOSH) 8-hr exposure limits; (c) Occupational Safety and Health Administration (OSHA) 8-hr exposure limits; (d) NAAQS 8-hr standards; (e)

NAAQS 1-hr standards.

5. Health Impacts of Vegetation Fire Smoke Exposure

In fire smoke exposure, people are exposed to a complex mixture rather than many iso-
lated components, so the health effect of smoke exposure is the combined effects of all
hazardous smoke components. Different components of smoke can interact and pro-
duce additive or synergistic effects, resulting in higher toxicity [8]. Smoke health effects
are determined by the length of time exposed, volume of air breathed, concentration of
pollutants in the air, and individual health conditions. The most common pathway of
smoke exposure is inhalation, followed by dermal absorption and ingestion [4]. The
general health risks from acute fire smoke exposure have been widely recognized by
organizations such as the US Environmental Protection Agency [108], the US Centers
for Disease Control and Prevention [109], and the Pediatric Environmental Health
Specialty Units [110]. The health impacts of fire smoke exposure have been docu-
mented in many studies, particularly among children and the elderly, although concen-

trations and constituents of smoke may vary by specific sources. Many components of
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vegetation fire smoke are irritants. Symptoms from acute exposure to smoke include
teary and burning eyes, runny nose, and scratchy and sore throat [4]. Air pollution in
general interferes with heart and lung processes. The health effects considered to be
linked with vegetation fire smoke include chronic obstructive pulmonary disease
(COPD), reduced lung function, asthma, heart disease, bronchitis, rhinitis, and various
respiratory problems (Table 3). Many studies have investigated smoke cardiopulmo-
nary linkages by conducting surveys of utilization of medical facilities in communities
near fire events. Smoke exposure may depress respiratory immune defenses and has
been linked with emergency department visits for upper and lower respiratory effects.
In a study of Darwin, Australia, researchers found that when PM,, concentrations from
fires exceeded 40 pg/m’, emergency department admissions for asthma increased
sharply [111], although that concentration is far below the current 24-hr standards of
150 pg/m’ established in the National Ambient Air Quality Standards (NAAQS). Al-
though epidemiologic evidence suggested mainly respiratory effects, recent research in-
dicated cardiovascular health risks also can be a concern, although sometimes only for
people of a sensitive group [92] [96] [112] [113] [114]. Larson and Koenig [42] found
that smoke inhalation reduces red blood cell levels and damages cellular membranes, as
indicated by increases in albumin and lactose dehydrogenase and depression of ma-
crophage activity. Tan et al [115] found acute exposure to PM in smoke is associated
with hematologic changes in humans. Generalizations must be made with caution,
however, because the constituents of smoke may vary for different fires; the impact of
fire smoke on cardiovascular health requires further investigation.

Wildland firefighters comprise an occupational group with high exposure to vegeta-
tion fire smoke. Studies of wildland firefighters clearly indicate an association between
exposure and acute effects on respiratory health. Longer-term effects, lasting for a 3 -

6-month firefighting season, also have been observed in most studies although these

Table 3. Summary of observed symptoms or health impacts of vegetation fire smoke exposure in literature.

Type of exposure

Smoke exposure studies for
downwind communities/cohort

Occupational exposures of
wildland firefighters

Exposure to sensitive populations

Chronic obstructive pulmonary disease (COPD)

Observed symptoms or health impacts References

[81] [85] [88] [96] [97] [112] [118] [119] [120] [121] [122]
Declines in lung function [112] [123] [124]

[54] [81] [85] [88] [90] [91] [95] [96] [111] [112],

Asthma [116] [119] [120] [121] [122] [125]-[130]

Heart disease
Bronchitis
Rhinitis
Respiratory problems

Declines in lung function
Respiratory problems
Headache, dizziness

Greater health impacts for children, elderly and people
with preexisting respiratory conditions

[75] [92] [112]
[96] [112] [128] [131]
[90]

[54] [75] [81] [85] [88] [92] [96] [113] [115] [119]
[120] [121] [122] [125]-[134]

[134]-[140]
[23] [76] [136] [139] [141] [142]
[143]

[54] [81] [89] [91] [92] [96] [116] [119] [120] [121]
[122] [143] [144] [145] [146]
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effects appear to be relatively small and may be reversible [23]. Individuals react diffe-
rently to air pollutants. Many studies have shown children, elderly people, pregnant
women, smokers, and people with pre-existing respiratory problems were especially
vulnerable to health effects from fire smoke [91] [92] [96] [110] [116]. Delfino et al
[96] found the strongest associations between PM, ; in smoke and hospital admissions
were for people over 65 years old (10% increase per 10 ug/m’ PM, ;) and under 5 years
old (8% per 10 pg/m’® PM,;). Children are more likely to be affected because their air-
ways are still developing, and they breathe more air per pound of body weight than
adults. Elderly people are more likely to be affected, possibly because they are more
likely to have pre-existing heart or lung conditions than younger people. People who
have pre-existing conditions respond to lower dosages and shorter durations of expo-
sure to PM than healthy people. Osterman and Brauer [117] reported that new cases of
pulmonary diseases emerge when PM occurs in the range of 10 - 100 mg/m’®, whereas
pre-existing cases were aggravated by the occurrence of PM in the range of 20 - 40
mg/m’ for PM, ; and 40 - 50 mg/m’ for PM,,,.

6. Environmental Impacts of Fire Smoke

Vegetation fire smoke is an important source of many reactive organic substances in
the atmosphere. When a smoke plume passes over an urban or industrial areas, it can
interact with urban or industrial pollutants and produce secondary products such as O,
[66], which may cause additive or even synergistic results [18] [20] [80]. The water va-
por from fire can condense onto fine particles and increase haze formation. The fine
soot particulate matter in smoke has a size range near the wavelength of visible light
(0.4 - 0.7 um) and therefore can efficiently scatter light and reduce visibility [8]. Aerosol
particles emitted from vegetation fires can also act as cloud condensation nuclei and
therefore have potential impacts on cloud properties and precipitation [147] [148].
Most fires deposit their emissions into the atmospheric boundary layer; ie., below
about 5 km [149] [150]. Under favorable meteorological (high atmospheric instability)
and fire conditions (high energy release), fire emissions can be injected into the upper
troposphere or even the lower stratosphere [151] [152]; consequently, the lifetime of air
pollutants in smoke can be substantially enhanced, and hence can affect greater regions
or have longer impacts [60].

Smoke aerosols absorb incident radiation and may perturb radiation budgets locally,
regionally, and globally due to their light-scattering and absorption effects [1] [153].
Vegetation fire emissions also contribute to the global burden of GHGs [60]. Vegeta-
tion fires, both prescribed and wildfires, are becoming a global concern [1]. In addition
to their impacts on air quality and climate, fires can affect soil and water quality
through deposition of smoke. In a study following fires in 2005 and 2006 in three wa-
tersheds in Southern California, researchers found that organic or particulate-bound

mercury in surface soils can be more readily deposited in waterways after a fire [154].

7. Risk Assessment of Fire Smoke

Large quantities of toxic air pollutants may be emitted during the period of intensive
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vegetation fires (e.g., seasonal prescribed burning), but little is known about levels of
exposures in affected communities and the potential health impacts of such exposures.
Although many agencies keep track of fire smoke emissions through an annual report-
ing system, few have the ability to track burning activity on a daily basis, and finding
consistent data on source characteristics is difficult [155]. Although large quantities of
data are available on urban exposures to air pollutants, measurements of air pollutants
in rural areas where fires occur is often lacking. Remote-sensing data recently became
available for active fire and burned-area detection [156], and fire emission inventories
are often based on a combined approach using burned area and active fire counts from
satellites accompanied by biogeochemical modeling of the available fuel load [60] [157]
[158]. Products are being developed that use satellite-derived vegetation and other
attributes to estimate the mass, structure, and distribution of fuel. Improved application
of satellite imagery plus ground-level air monitoring could help forecast smoke move-
ments. Smoke modeling tools are being developed to take into account weather condi-
tions along with the smoke emission data to evaluate the impacts of smoke and the re-
sulting concentrations of air pollutants.

Monitoring smoke levels from open vegetation fires is often a difficult task because
these fires usually occur in remote areas, and uncertainties in smoke concentrations are
numerous because they are dynamic and can vary widely within short distances. Be-
cause smoke is highly visible, it is possible to estimate smoke levels using a visibility in-
dex [159] [160]. Visibility can be determined by facing away from the sun and looking
for landmarks at known distances. The visibility range is the distance at which even
high-contrast objects cannot be seen (e.g., a dark building viewed against the sky at
noon) [160]. When visibility has been determined, Figure 2 can be used to estimate
equivalent PM, ; levels and the associated air quality category. The visibility index is not
effective at night or when humidity is high.

For detailed risk assessment, chemical analysis of smoke PM samples should be con-
ducted to identify the proportion of various functional groups (PAHs, EC, trace metals,
etc.). Marker compounds, which provide a source-specific chemical fingerprint, may be

identified and used to distinguish contributions of vegetation fire from other sources [23].

Visibility Equivalent PM2 s Air quality
>10 miles » 0-40 pg/m3 Good
il » 41-80 pg/m3 Moderate
35 miles > 81-175 pg/m? Unbhealthy for sensitive populations
L 1B 2o miles 176-300 pg/m? Unhealthy

ey W=t

Figure 2. Assessing PM,; levels and air quality based on visibility index (data from
[161]).
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8. Conclusions

Despite many limitations, understanding of vegetation fire smoke is increasing along
with the growing interest in this subject among the general public, policymakers, and
land managers. Vegetation fire smoke is a complex mixture of airborne solid and liquid
particulates, vapors and gases, which can contain thousands of individual compounds
involving a wide range of chemicals, in categories such as PM, VOCs, SVOCs, inorgan-
ic gases, and water vapor. Smoke aerosols are dynamic with respect to size distribution
of PM and adsorption of hazardous compounds. Reported concentrations of smoke
components from vegetation fires from different studies were highly variable because of
the variability in fuel and combustion conditions. Generally, the PM,, and PM, ; con-
centrations at downwind communities affected by vegetation fire smoke can be signifi-
cantly higher than the corresponding air quality standards. The contribution of vegeta-
tion fire smoke on downwind O, concentrations is also a big concern. Most research on
smoke effects investigates single components of smoke such as PM, PAHs, and alde-
hydes. More attention needs to be given to the potential for interactive effects among
smoke components as well as between smoke components and preexisting pollutants in
air; e.g., the formation of secondary aerosols. Considering vegetation fire smoke and
urban or industrial pollutants usually differ markedly in compositions; they can have
significantly different toxicological effects. It has been pointed out that serious damage
to public health could occur even when air pollution levels are below the current air
quality standards, which are based on results mainly from epidemiology studies on ur-
ban pollution. The health impacts of fire smoke exposure have been documented in
many studies, although sometimes only for people of a sensitive group. In areas where
annual or seasonal burning is practiced, effects of chronic exposure to vegetation fire
smoke could pose considerable health risks; however, very few studies have explored
long-term health effects. For the range of identified effects, much is unknown about
whether the effects are reversible or permanent. More research is needed to confirm the
adequacy of the current standards for the protection of sensitive populations exposed to
vegetation fire smoke. Effectiveness of health protection measures such as use of dust
masks or advising the population to remain indoors needs to be evaluated, and expo-
sure limits of sensitive populations may need to be considered so individual and com-
munity-based intervention strategies can be developed in the most cost-effective way.
Accurate data on emissions from vegetation fires are required to determine major
factors that influence the emissions, to represent the emissions quantitatively in at-
mospheric chemistry and transport models, and to evaluate impacts. Specialized field
monitoring methods and air quality models need to be developed to overcome inherent
difficulties. Further exploration and refinement of metrics based on remote-sensing
data are desirable, especially in areas where air quality monitoring is practically non-
existent. The ability to trace smoke PM to its sources is necessary to identify the smoke
components that characterize smoke from various types of vegetation fires and distin-
guish fire smoke from “background” urban air pollution. Identifying new marker com-

pounds is important for transport and fate studies of smoke emissions. As smoke com-
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ponents are prioritized in terms of their health impacts, additional hazardous smoke

components may be identified. Some of the research gaps in existing knowledge are

summarized as follows.

Toxicological differences between vegetation fire smoke and urban or industrial
pollutants.

Marker compounds and additional hazardous smoke components.

Smoke dynamics and potential interactive effects of smoke components.

Exposure limits for sensitive populations.

Long-term health effects of exposure.

Specialized field monitoring methods and air quality models.

Effectiveness of health protection measures.

Smoke contribution to regional or global climate.
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