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Abstract: Epidemiological studies have shown that high levels of fine particulate matter (PM) are correlated with
adverse human health effects. Approximately one-third of PM emissions in Canada originate from forest fires. How-
ever, air quality concerns are not typically included in resource allocation decisions in fire management. In this paper
we examine the economic magnitude of these health concerns and compare them to other costs of forest fires using the
2001 fire in Chisholm, Alberta, as a case study. We construct an empirical air dispersion model to estimate the concen-
tration of PM arising from the fire. Benefit transfer methods were used to determine the health impacts associated with
elevated PM from the fire and to value these impacts. The economic impacts appear to be substantial, second only to
timber losses. The approaches used in this case study can be extended to construct a map that identifies the values at
risk from health effects. The use of monetary values of these impacts helps in comparison and aggregation of the values
at risk.

Résumé : Des études épidémiologiques ont montré que des niveaux élevés de fines particules étaient corrélés avec des
effets néfastes sur la santé humaine. Environ le tiers des particules émises au Canada proviennent des feux de forêt.
Cependant, les conséquences sur la qualité de l’air ne sont généralement pas considérées dans les décisions au sujet de
l’allocation des ressources en gestion du feu. Les auteurs examinent dans cet article l’amplitude économique de telles
considérations pour la santé et nous les comparons aux autres coûts associés aux feux de forêt en utilisant comme
étude de cas le feu de 2001 à Chisholm, en Alberta. Ils construisent un modèle empirique de dispersion aérienne pour
estimer les concentrations de particules dégagées par le feu. Ils utilisent la méthode des transferts de bénéfices pour
déterminer les incidences sanitaires associées aux taux élevés de particules provenant du feu et pour les évaluer moné-
tairement. Les impacts économiques apparaissent substantiels, dépassés seulement par la valeur des pertes de bois. Les
procédures développées dans cette étude de cas peuvent être étendues afin d’établir une carte permettant d’identifier les
valeurs à risque à cause des effets sur la santé. L’utilisation de valeurs monétaires caractérisant ces impacts facilite la
comparaison et l’agrégation des valeurs à risque.

[Traduit par la Rédaction] Rittmaster et al. 877

Introduction

Several severe forest fire years and some highly publi-
cized forest fire events near urban centers have prompted
much public and scientific debate on forest fire manage-
ment. Efforts to manage the risks of forest fires often focus
on risks to human life, property, timber, wildlife habitat, and
infrastructure (Sustainable Resource Development 2003).
While human life is considered a high priority, most of the
focus surrounds evacuations from areas close to the fire and
direct risks to loss of life from the fire itself. There has been
relatively little analysis of the health effects of smoke asso-
ciated with wildfire. While it is recognized that smoke reduces
air quality, there have been few efforts to calculate the mag-
nitude of these effects relative to those of other effects aris-
ing from wildfire.

In this paper, we present a case study that assesses the
economic impact of air quality changes arising from forest

fires. We examine the human health effects of a change in
air quality arising from the May 2001 fire in Chisholm,
Alberta, and calculate the economic impacts of these health
effects. The 7-day Chisholm fire burned 116 000 ha, causing
average fine particulate matter (PM2.5) 160 km away in
Edmonton to reach high levels (see, e.g., Cheng et al. 1998).
We use the “damage function approach” to develop our esti-
mates. The damage function model has three steps: (1) esti-
mate the change in pollution concentration, (2) estimate the
human health effects arising from the change in concentra-
tion, and (3) estimate the economic value of health effects.
In applying this approach we take the following steps: first,
we construct a statistical dispersion model based on satellite
images of forest fire plumes to identify the concentration of
PM associated with the Chisholm fire. We also compare
these values with actual values from monitoring stations on
the dates of the fire. Next, we employ the health and eco-
nomic valuation relationships described in a model of air
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quality valuation developed by Environment Canada and Health
Canada (Air Quality Valuation Model (AQVM)) to quantify
the health and economic effects (Chestnut et al. 1999). The ap-
proach we take is to model the fire as one would model an air
pollution event. Finally, we compare the magnitude of the
health effects relative to timber losses and infrastructure
losses. Our approach does not answer the question of
whether efforts on fire suppression are beneficial in an eco-
nomic sense. However, the information on air quality effects
will be an important element in assessing the return on in-
vestment from fire management.

Air quality
Particulate matter (PM) is a recognized pollutant, and

recent studies have shown that high levels of PM2.5 (particles
smaller than 2.5 µm) are correlated with substantial adverse
health effects. The Canadian Council of Ministers of the
Environment set Canada-wide guidelines in 2000 for PM
<2.5 µm in aerodynamic diameter (PM2.5) to 30 µg/m3 over a
24 h period. While these guidelines are focused on industrial
emissions, approximately one-third of PM2.5 emissions in
Canada come from forest fires (Environment Canada 1999).
There is considerable recognition of the effects of smoke
from prescribed burning on air quality, as conditions must be
evaluated relative to the potential to violate air quality guide-
lines. However, there is relatively little discussion of the
impact of air quality changes arising from wildfire and the
potential for these effects to influence fire management and
priority setting (e.g., Chisholm Fire Review Committee 2001).
A notable exception is Fowler (2003), who summarizes the
literature on air quality and human health with applications
to forest fire smoke. In this paper, we examine PM2.5 as the
sole pollutant from forest fire, recognizing that other materials
are also generated by fires and may create human health
hazards.

Health effects
Recent epidemiological studies have shown that high levels

of PM2.5 are correlated with substantial adverse health
effects, including respiratory problems, pneumonia, chronic
obstructive pulmonary disease, heart disease, stroke, and
premature mortality (US EPA 2004). PM contains many dif-
ferent chemicals that contribute to adverse health impacts.
Substances released from biomass burning include combus-
tion materials, sulfates, nitrates, mercury, and dust (Rabl
1999). The amount of PM released depends on the type of
fuels burned and the intensity of the fire. While there has
been some speculation that the effects of PM from forest
fires may be different than the effects of PM from
industrial sources, there does not appear to be substantial
evidence to support this speculation (Adamowicz et al. 2004).

The health effects of PM have been assessed using two
major classes of data. The first type examines daily time se-
ries data and correlates the PM levels with health effects
(mortality, hospital admissions, etc.). The second approach
tracks cohorts of individuals and assesses their response to
changes in air quality (Adamowicz et al. 2004). These latter
studies tend to produce evidence of more significant health
impacts because of the potential for chronic exposure and
because the heterogeneity of individuals is accounted for. A
recent cohort study provided evidence of increased mortality

risks and increased cancer risks as a result of higher PM lev-
els (Pope et al. 2002).

Samet et al. (2000) estimated a 0.5% increase in daily
mortality per 10 µg/m3 increase in PM10 (PM smaller than
10 µm). It has been suggested that PM2.5 is more harmful
than PM10 because the diameter is smaller and more of it is
inhaled and absorbed through the lungs. In terms of morbid-
ity, Lippman et al. (2000) found positive effects of PM2.5 on
both chronic obstructive pulmonary disease and ischemic
heart disease. Similarly, Samet et al. (2000) concluded that
for every 10 µg/m3 increase in PM10 there was a 2% increase
in the risk of pneumonia and chronic obstructive pulmonary
disease hospital admissions. Schwartz et al. (1994) also
found positive correlations between PM10 and respiratory
disease as well as a positive correlation between PM10 and
heart disease in the elderly.

Economic effects
Concentration response models provide information on

changes in health risks associated with changes in pollutant
concentrations. Economic methods are used to translate these
changes in risks into economic (monetary) values. These
economic values are calculated in various ways. The value
of health effects include the costs of illness as reflected in
hospital costs and lost wages as well as the individual’s will-
ingness to pay to avoid the change in risk, over and above
the costs of illness. The latter are often referred to as the
“pain and suffering” effects associated with the illness. For
an overview of the calculation of these measures and an out-
line of their use in policy analysis see Adamowicz et al.
(2004).

A particularly important value is the value of mortality
risk reductions. This value typically accounts for a substan-
tial percentage of the economic effects of air quality changes.
Mortality risk reduction valuation studies identify the amount
an individual would pay for a small reduction in the risk of
death. The willingness to pay values can be derived from
market data on wage risk trade-offs or from structured sur-
vey data eliciting individuals’ responses to trade-off ques-
tions (Freeman 2003). When the willingness to pay value is
added over a population and then divided by the total number
of lives saved, a value of a risk reduction or value of a statis-
tical life (VSL) is obtained. For example, if 100 000 respon-
dents are willing to pay $240 to reduce their risk of death by
0.004% (4 in 100 000) then respondents are willing to pay
$6 million per statistical life. It is important to note that the
purpose of a VSL is to estimate what a population would pay
for a “small” risk reduction spread over the group. It does not
attempt to estimate the intrinsic value of a life. VSL estimates
in the literature vary considerably (see Adamowicz et al.
2004.) There is a great deal of literature behind the choice of
a measure of VSL. The estimate we employ within the AQVM
is an estimate based on a blend of studies of various types
(hedonic wage studies and contingent valuation studies). For
its central measure of mortality risk reduction value, AQVM
uses a VSL that is adjusted slightly downward to attempt to
take into account the variation in VSL for groups most likely
to be affected by air quality changes. This results in a reduction
of the general population VSL of CAN$5.2 million to CAN$4.1
million (both values in 1996 dollars). This modification of
the VSL to account for different values among subgroups in
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the population (e.g., the elderly) is somewhat controversial.
When the US EPA attempted to apply such differential valu-
ation, there was a significant outcry from various nongovern-
mental organizations, forcing the EPA to reconsider their
efforts (see, e.g., http://www.epa.gov/aging/listening/2003/
tampa_tuft. htm and http://www.epa.gov/aging/listening/2003/
balt_ctw. htm). We retain the value used in AQVM for our
analysis and note that the sensitivity analysis will include
values much larger than the general population value. This
also produces a slightly more conservative estimate. Some
of the economic values of nonmortality health effects are
based on cost of illness information or a combination of
cost-of-illness and willingness-to-pay approaches (Ostro and
Chestnut 1998). In these cases, direct medical costs are costs
from hospital admissions and emergency room visits.

AQVM
AQVM is a database of health concentration response

functions and economic valuation estimates for a range of
pollutants and economic impacts. It contains demographic
information and projections for Canada at a census division
level. AQVM has been used as a model for the estimation of
the benefits of air quality improvements at a national level
(see Adamowicz et al. 2004). It also provides a set of proba-
bility weights for various levels of estimates of health effects
and economic impacts, thereby facilitating a form of sensi-
tivity analysis. AQVM allows the user to modify the set of
information used in constructing estimates by choosing
which concentration response functions to use, what weights
of economic values or health values to include, and whether
to include thresholds below which no impact will be felt.

Concentration response functions in AQVM 3.0 are based
on previous epidemiological studies. The designers of AQVM
selected studies that controlled for confounding variables
such as weather, seasonality, other pollutants, and location.
In the case of PM2.5, these functions estimate health effects
resulting from a one unit increase in PM2.5. The calculations
multiply a risk value by the number of people affected.

Health endpoints available for PM2.5 in AQVM 3.0 include
mortality, cardiac hospital admissions, respiratory hospital
admissions, emergency room visits, asthma symptom days,
restricted activity days, acute respiratory symptom events,
and childhood bronchitis. Asthma symptom days describe
the number of days of elevated asthma symptoms for the 6%
of the population that has asthma. The concentration response
functions were obtained from a survey of self-reported asthma
symptoms, including shortness of breath, wheezing, or an in-
crease in medication use. Productivity losses due to illness
are approximated by quantifying the number of restricted
activity days. Days spent in bed, days missed from work, and
days when activity is restricted are termed restricted activity
days. An acute respiratory symptom is one of 19 symptoms
including coughing, sore throat, head cold, sinus trouble,
headache, flu, etc. The concentration response functions were
derived from research correlating observations made in health
diaries to pollution levels. Probability weights for each func-
tion are provided based on the confidence of the estimate.

There are over 800 studies describing the correlations
between health outcomes and PM (American Lung Associa-
tion 2001). Developers of AQVM 3.0 assessed the values
from studies that were evaluated based on the quality of the

research. Criteria for data quality included continuous
monitoring of PM levels, minimal location bias, control of
seasonal and weather patterns, model specification, and
studies that tested a Canadian population. Table 1 summa-
rizes the concentration response functions used in AQVM
3.0. Some of the health effects included in the model over-
lap. Acute respiratory symptom days include days that are
also restricted activity days. To avoid double counting, the
designers of AQVM adjusted the concentration response
functions in the model.

AQVM 3.0 provides estimates of impacts based on census
divisions and the population characteristics of the census
divisions. Included in the model are demographic character-
istics of the population. An older population will be more at
risk for some illnesses than will a younger population. Based
on national averages, AQVM 3.0 also estimates the number
of people in a census division that have asthma as a preexist-
ing condition. These demographic factors are combined with
the health concentration response information to generate
estimates of the impacts of air quality changes on a variety
of health categories. Economic valuation estimates in AQVM
include measures of mortality risk reduction values (VSL)
and morbidity reduction values. The mean of the “central”
estimate used by AQVM 3.0 for a VSL is $4.1 million, and
this value is used in our analysis. AQVM also provides an
estimate of “high” and “low” VSL, which are $2.4 million
and $8.2 million, respectively. A summary of the central
value estimates, as well as high and low estimates for mor-
bidity reductions, is provided in Table 2.

AQVM generates a form of sensitivity analysis using Monte
Carlo methods. For each endpoint (illness) and each valua-
tion estimate related to these outcomes, low, central, and
high estimates are provided (see Tables 1 and 2 for exam-
ples). Each of these estimates is assigned a probability weight
(Tables 1 and 2). These weights form a discrete probability
distribution. In the sensitivity analysis, AQVM chooses a
concentration response function (based on the weights in the
probability distribution) and then combines it with a selected
valuation amount (again based on the weights) and uses
these over all endpoints to generate an estimate of value.
This process is repeated 5000 times to create an empirical
distribution of overall outcome, based on the discrete empiri-
cal distributions of the endpoint-specific concentration re-
sponse and valuation amounts. The sensitivity analyses
reported below are based on this approach and report the ex-
pected value as well as the 10% and 90% levels on this em-
pirical distribution.

Methods

We apply AQVM to the short-term (daily) impacts arising
from forest fires, assuming that concentration response func-
tions estimated from daily health effects and pollution con-
centration data are applicable. Furthermore, concentration
response models in AQVM are linear, thereby facilitating
scaling over ranges of air quality and time. Clearly, this is an
assumption that has been discussed in critiques of AQVM
(e.g., Adamowicz et al. 2004), but standard practice for policy
is to continue to employ these functions in the absence of
improved information.
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The following modifications and adjustments were made
to the concentration response components of AQVM to focus
on the effects of smoke from wildfire. All estimates of chronic
illness related to PM2.5 were excluded from the model. Long-
term increases in PM2.5 are associated with chronic respiratory
disease; however, the illness is the result of long-term expo-
sure and not the short-term increases that are experienced
with forest fires. Included in the calculation of the impacts
of short-term increases in PM are the following health out-
comes: premature mortality, childhood bronchitis, cardiovas-
cular disease, asthma, and other acute respiratory symptoms.

For this study, only acute impacts were modeled, as the
increases in PM2.5 were of short duration. This means that
for the mortality risk values, only the time series studies, and
not cohort studies, were included in the measurement of
effects. Concentration response functions are multiplied by
the PM increase and by the population exposed to determine
the extent of a specific health outcome. For example, the low
estimate of mortality risk from a 1 µg/m3 annual increase in
PM2.5 is 0.87 × 10–5, and if the population exposed to the in-
crease is 1 million, then the number of mortality cases each
year is expected to increase by six. Annual concentration
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Concentration response function

Health effect Source Level Estimate

Annual mortality risk per 1 µg/m3 change in annual average
PM2.5 concentration.

Pope et al. 1995;
Schwartz et al. 1996

Low 0.87 × 10–5 (22%)
Central 2.14 × 10–5 (67%)
High 4.82 × 10–5 (11%)

Respiratory hospital admissions daily risk factors per 1 µg/m3

change in daily average PM2.5 concentration. Population 25
years old and older.

Burnett et al. 1995 Low 4.13 × 10–8 (25%)
Central 1.21 × 10–8 (50%)
High 1.42 × 10–8 (25%)

Cardiac hospital admissions daily risk per 1 µg/m3 change in
daily average PM2.5 concentrations.

Burnett et al. 1995 Low 1.00 × 10–8 (25%)
Central 8.27 × 10–8 (50%)
High 12.4 × 10–8 (25%)

Net emergency room visits daily risk factors per 1 µg/m3

change in daily averages PM2.5 concentrations.
Stieb et al. 1995 Low 4.62 × 10–8 (25%)

Central 8.27 × 10–8 (50%)
High 12.4 × 10–8 (25%)

Asthma symptom days daily risk factors given a 1 µg/m3

change in daily average PM2.5 concentration. For popula-
tion with asthma (6%).

Whittemore and Korn 1980;
Ostro et al. 1991

Low 1.6 × 10–4 (33%)
Central 2.64 × 10–4 (34%)
High 3.65 × 10–4 (33%)

Restricted activity days daily risk factors given a 1 µg/m3

change in daily average PM2.5 concentration. Non-
asthmatic population (94%).

Ostro 1987;
Ostro and Rothschild 1989

Low 1.31 × 10–4 (25%)
Central 2.50 × 10–4 (50%)
High 3.95 × 10–4 (25%)

Net day with acute respiratory symptom daily risk factors
given a 1 µg/m3 change in daily average PM2.5

concentration.

Krupnick et al. 1990 Low 1.25 × 10–4 (25%)
Central 2.79 × 10–4 (50%)
High 4.14 × 10–4 (25%)

Child acute bronchitis annual risk factors given a 1 µg/m3

change in annual average PM2.5 concentration.
Dockery et al. 1996 Low 0.62 × 10–3 (25%)

Central 1.65 × 10–3 (50%)
High 2.69 × 10–3 (25%)

Note: Low, central, and high estimates refer to ranges of estimates in the reviewed literature. Percentages are given suggesting the confidence of the es-
timate. Table extracted from Chestnut et al. (1999), p. D-2.

Table 1. Concentration response functions used in AQVM 3.0 for increases in PM2.5 concentrations.

1996 CAN$ (millions)

Health effect Low Central High Source Study typea

Respiratory hospital admission 3 300 6 600 9 800 Canadian Institute for Health Information 1994 COI
Cardiac hospital admission 4 200 8 400 12 600 Canadian Institute for Health Information 1994 COI
Emergency rom visit 290 570 860 Rowe et al. 1986 COI
Childhood bronchitis 150 310 460 Krupnick and Cropper 1989 COI
Restricted activity day 37 73 110 Loehman et al. 1979 WTP, COI
Asthma symptom day 17 46 75 Rowe and Chestnut 1986 WTP
Minor restricted activity day 20 33 57 Krupnick and Kopp 1988 WTP
Acute respiratory symptom day 7 15 422 Loehman et al. 1979 WTP

Probability values associated with
morbidity estimates

33% 34% 33%

Note: Table extracted from Chestnut et al. (1999), pp. 5–31.
aCOI, cost-of-illness study; WTP, illingness-to-pay study.

Table 2. Economic valuation of morbidity estimates used in AQVM 3.0.



response functions were divided by 365 to calculate daily
responses to changes in PM2.5 levels, while daily concentra-
tion response functions were retained as specified in AQVM.

The Chisholm fire case study

The 2001 Chisholm fire in northern Alberta burned from
23 to 29 May 2001. In total, the fire burned 116 000 ha of
forest land and burned structures in the town of Chisholm
and surrounding settlements and infrastructure. The weather
during the fire was characterized by a high temperature
of 27 °C, low humidity, and winds gusting to 50 km/h
(Chisolm Fire Entrapment Investigation 2001). These ex-

treme weather conditions combined with a dry, flammable
boreal forest contributed to the fire event. Values lost due to
the fire include timber values, energy sector infrastructure,
rail impacts, housing values, and impacts on wildlife (CFRC
2001). On May 28 2001, a state of emergency was declared
for the Chisholm region.

Chisholm is 160 km north of Edmonton, a major metro-
politan area of approximately 1 million people. The fire
caused PM levels in Edmonton to rise from a daily average
level of about 12 µg/m3 to an hourly high of 261 µg/m3.
Significant increases in PM were also experienced in the city
of Red Deer (125 km south of Edmonton) and surrounding
areas. These smoke events were only experienced for a short
period (approximately 2 days), as the wind changed direc-
tion and the smoke plume turned north. Nevertheless, the
effects on air quality were dramatic (Figs. 1, 2).

To determine health impacts from the Chisholm fire we
first assessed the contribution of the fire to PM concentra-
tions. Health and economic impacts were then assessed using
the relationships described in AQVM 3.0. These steps are
explained in detail below.

PM concentration estimates
Changes in concentrations of PM arising from the fire

were calculated in two ways. In the first approach the actual
PM levels as reported at monitoring stations on the days of
smoke impacts were used to provide a measure of concentra-
tion change. This approach, however, examines the PM levels
on those days relative to an average PM level. It may be that
other sources of particulates were coincidentally high on
those days. The source of PM is not necessarily the Chisholm
fire. Therefore, we also construct a statistical emissions trans-
port function to estimate particulate concentrations in the
regions surrounding the fire. This approach provides a con-
centration change solely attributable to the Chisholm fire.

Approach 1: monitoring stations
PM levels were obtained from the Red Deer and Edmon-

ton central monitoring stations (obtained from Clean Air
Strategic Alliance, CASA data archives: http://www.casadata.
org). The hourly levels at these stations were used to calcu-
late daily averages. The effect of the fire is illustrated in the
graph of PM levels over time (Fig. 1) for April and May
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Fig. 1. Average daily PM2.5 levels (µg/m3) in Edmonton and Red Deer, Alberta, 1 April 2001 – 30 May 2001.

Fig. 2. Predicted smoke dispersion from the 24 May 2001 Chis-
holm fire, Alberta, Canada.



2001. The 7-day Chisholm fire caused average PM2.5 levels
160 km away in Edmonton to reach 55 µg/m3 on a daily
basis and levels of 261 µg/m3 on an hourly basis. These
PM2.5 levels were well above the Canadian standard of
30 µg/m3 averaged over a 24 h period. To be conservative
we used average daily PM levels for the 2 days that con-
tained smoke effects for the Edmonton and Red Deer census
divisions. The census division that included Calgary was
also affected by the fire but not to the extent that Edmonton
and Red Deer were. Because the effects on Calgary and
other census divisions fall within what could have been near
normal variation in PM levels, we excluded Calgary and all
other census divisions from the analysis.

Approach 2: concentrations calculated from a smoke
dispersion model

The second strategy for estimating particulate concentra-
tions involved the development of a simplified smoke disper-
sion model. This was based on information gathered on the
width of smoke plumes with distance from the fire through
measurements of satellite imagery. This was complemented
by weather information to develop an atmospheric dispersion
estimate. The dispersion relationship was combined with
estimates of the source term to determine atmospheric par-
ticulate concentration. The details of this method are pre-
sented in Appendix A.

Results

Results from monitoring station calculations
On the second day of the fire, the Edmonton central moni-

toring station reported a 24 h average of 55 µg/m3, while in
Red Deer the reported average was 35 µg/m3. The health
impacts from the increases were estimated using AQVM 3.0,
with the results presented in Table 3. Aggregate impacts on
health from a 1-day increase of PM totaled $12.1 million.
The bulk of the estimate comes from premature mortality
risks, with other contributions from restricted activity days and
acute respiratory symptoms. A sensitivity analysis that varied
the weights on the economic valuation measures and the
weights on the concentration response relationships accord-
ing to the procedure described previously provides a range for
these impacts from $4.9 million (10th percentile) to $22.9 mil-
lion (90th percentile) (see Rittmaster 2004 for details).

Results from the smoke dispersion model
The total population exposed to the smoke plume on 24

May 2001 was 1.1 million people. Edmonton is the largest
city affected, containing approximately 1 million people in
the metropolitan area. The predicted exposure level in
Edmonton on 24 May 2001 is 35 µg/m3 as a daily mean.
Table 3 summarizes these impacts. As expected, the largest
component of the total health impact was related to the
increase in premature mortality risk. Morbidity values, for
example, restricted activity days, are much lower in magnitude
and form a smaller component of the total health value lost
from the Chisholm fire. Sensitivity analysis that considers
variation in the weights of the concentration response functions
and the economic values applied as described previously
suggests a range of total values of health impacts between
$4 million (10th percentile) and $19.4 million (90th percentile).

A comparison of the health values with other fire impacts
The results from two models predicting health impacts

show the uncertainties in the estimates. The range between
the central values estimated between the two models is
between $9 and $12 million. Approximately 95% of the
impacts are related to the increases in mortality risk. Mor-
bidity effects account for a small percentage of the adverse
impacts from PM2.5 increases. The overall health impacts are
significant especially when compared to other costs of inter-
est, such as fire-fighting costs.

To provide context to the health impacts, we compare
these impacts with other estimated costs of the Chisholm
fire. Approximately 75 buildings were lost, including 21
homes. The economic value of these losses is difficult to
assess. The value of lost infrastructure (bridges) was esti-
mated to be $2 million. Loss of electrical power infrastruc-
ture was estimated at $1 million. Details on these monetary
estimates are provided in the Chisholm Fire Review Com-
mittee’s (2001) report. Detailed information on impacts can
be found in the appendices of the review committee’s report.
Fire-fighting costs were reported to be $10 million over the
7-day fire, which is close to our estimates of the 1-day total
value of the health impacts. Timber supply lost during the
fire was estimated at $20 million, based on the reported loss
of annual allowable cut of 50 000 m3 (Chisholm Fire Review
Committee 2001, section 4) and calculations assuming a 5%
discount rate over 100 years (extending to approximately
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Mean 1996 $CAN

Health outcome Smoke dispersion modela Monitoring stationb

Premature mortality risk 9 617 474 11 326 764
Respiratory hospital admissions 3 150 3 709
Cardiac hospital admissions 3 394 3 997
Emergency room visits 1 270 1 495
Restricted activity days 302 121 574 213
Asthma symptom days 28 230 33 246
Bronchitis admissions 7 784 18 676
Acute respiratory symptom day 148 488 174 878
Total 10 111 911 12 137 043

aPopulation exposed: 1.1 million. Minimum exposure level 30 µg/m3.
bPopulation exposed: 670 000. Exposure levels: Edmonton, 55 µg/m3; Red Deer, 35 µg/m3.

Table 3. Mean values of health impacts related to increased PM2.5 levels from the Chisholm
Fire on 24 May 2001.



one rotation) and a net price of $20/m3. Note that in the
public comments section of the Chisholm Fire Review Com-
mittee’s (2001) report, some agencies reported annual allow-
able cut losses twice this size, but those values were not
reported in the table in section 4 of the report. Additional
impacts on other industries were also reported, but are
smaller in magnitude. Health effects, while not as large as
impacts on timber supply, are a significant component of the
total impact of the fire. This will not be the case in all fires,
but it is interesting to note that even in this case study, only
1 or 2 days of the fire generated smoke effects over the large
city in the region. A very different result would have been
obtained if the wind continued to blow smoke over the
Edmonton region for the entire length of the fire or if the
main population had been totally missed.

Discussion

It is required under the Government of Canada Regulatory
Policy that all public expenditures be evaluated by a cost–
benefit analysis. Future forest fire management decisions would
benefit from detailed information regarding the values at risk
from fire, including potential losses of timber values, recre-
ation values, and the cost of forest fire smoke on human
health. The importance of such knowledge is increasing with
the likelihood that fire will increase in future climates
(Flannigan et al. 2005). The calculations provided previously
illustrate how such effects could be measured for the case of
health impacts. The impacts are measured in monetary terms
to provide a common metric for analysis of magnitudes of
impacts.

Some of the limitations associated with this case study are
related to AQVM 3.0 and the epidemiological and economic
estimates contained within the model. As noted by Adamowicz
et al. (2004), the largest areas of concern are the exposure–
response relationships for mortality and the monetary values
used for VSL. The VSL value used determines the bulk of
the health valuation estimates. Research on VSLs and related
measures continues; however, there is a general consensus
on the approach used to calculate VSLs and their use in such
studies.

There are also questions that arise regarding the epidemio-
logical studies. While a large number of time series models
have confirmed the effects of PM on health, a recent study
by Koop and Tole (2004) raises questions about these esti-
mates. There has been limited analysis of the presence of
threshold effects. Current literature suggests there is little
evidence of a minimum threshold level at which PM does
not affect health. Recent research by Schwartz (2000) has
suggested that the minimum dose may be around 2 µg/m3.
The shape of the concentration response function is also
surrounded by uncertainty. It may be that the relationship is
not linear, as assumed in AQVM 3.0. A maximum level at
which adverse health effects taper or increase substantially
has not been determined. An additional concern put forth by
the Royal Society Panel (Adamowicz et al. 2004) is that the
frequency and variation of PM levels may play an important
role in determining the extent of the pollution-related health
problems. The Royal Society Panel questions the extent to
which peaks in concentration levels, similar to the ones

experienced during the Chisholm fire, would be more harm-
ful than just an increase in the annual average.

This case study examined two census divisions, Edmonton
and Red Deer. It is possible that the smoke plume affected
health in populations outside the study area. Additionally,
the final estimate only evaluates the consequences of increased
PM2.5 levels while ignoring PM10 and other emissions.
While PM2.5 is more harmful, it is probable that PM10 con-
tributes to changes in health outcomes as well. In addition,
there is some evidence that mercury emissions from forest
fires may also generate health effects (Friedli 2003).

There is significant variability in estimates of the impact
depending on assumptions made about the health endpoints,
the concentration response functions, and the valuation esti-
mates. If, for example, we do not use 30 µg/m3 as a low-end
cutoff for evaluating health effects, the outcomes will be
doubled (approximately). Similarly, the values for the 90th
percentile from the sensitivity analysis are approximately
double the estimates of central tendency, providing some
indication of the impact of relaxing some of the conservative
assumptions made. On the other hand, one must also con-
sider that the lower tail of the distribution arising from the
sensitivity analysis is approximately 40% of the mean values
provided. Clearly, there is a need for research to narrow this
range of uncertainty.

Reductions in air quality at different times of the day may
have very different health effects. In our analysis we assume
a concentration holds for a 24 h period. If instead a large
concentration of PM2.5 occurs for 1 h and normal levels pre-
vail for the remaining hours in the day, our estimates will
overstate the health impacts. Furthermore, it is possible that
concentrations at night will generate lower health effects
than those generated by increased concentrations during the
day. These issues suggest that a more detailed analysis based
on hourly concentrations may provide significantly more
accurate estimates of impact.

While it would be instructive and desirable to examine
actual health records for the dates of these smoke events,
such an examination is challenging to conduct. There are a
variety of factors generating mortality, hospital visits, and
other health effects in addition to the smoke effects. Also,
population sizes in northern Canadian cities and towns are
relatively small. Therefore, there is considerable noise in the
health estimates and the sample sizes are likely not large
enough to identify mortality and morbidity effects from
short-term fire events. Thus, we rely on the simulation
approach where the concentration response models are based
on larger populations and detailed analyses of health infor-
mation. Nevertheless, continued research is necessary to ground
truth these simulation results.

Conclusion

Based on the simulation modeling presented in this paper,
the health costs of the Chisholm fire were economically
significant. This is not to suggest that the health costs of all
fires are as high relative to other impacts. The Chisholm fire
significantly affected large urban areas, while most fires do
not. In most cases, fire management agencies are doing their
utmost to prevent, contain, and extinguish fires near human
populations. Hence, health effects are being indirectly con-
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sidered,and it is not clear that adding health as a further
value at risk would be an important additional decision fac-
tor in the management of individual fires. The exception
could be situations with multiple fires that are far away from
populations, but have the potential to create high particulate
concentrations during certain wind directions and dispersion
conditions (e.g., Wotawa and Trainer 2000). However, the
evaluation of health effects can provide insights into the
returns on investment to fire management, especially when
evaluated over alternative strategies for managements over
large areas and time periods. The approach used in this case
study is being extended to construct a map that identifies
key areas in Alberta that will be at risk of experiencing high
health costs resulting from forest fires. This map will over-
lay the various values at risk associated with fires and will
be used to aid in fire management resource planning.
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Appendix A. Dispersion calculations of
particulate concentrations

Two components are needed to estimate the level of par-
ticulate matter at a given distance. The first is an emission
release term, Q (g/min), which describes the quantity of
PM2.5 that is released from the fire.

[1] Q = RAE

where R is the rate of spread of the burned area (ha/min), A
is the amount of fuel consumed (kg/ha), and E is an emis-
sion factor giving the amount of PM2.5 released per unit of
fuel burned (g/kg).

The second component is a dispersion term, D (min/m3):

[2] D =
1

WUH

where W is the plume width (m) generated by a statistical
analysis predicting the width of the smoke plume as a func-
tion of distance and the atmospheric dispersion index (described
below), U is the wind speed (m/min), and H is the mixing
height (m). The mass of PM2.5 per cubic metre of air, C
(g/m3), is then:

[3] C = QD

For the Chisholm case study, R and A were taken from a
fire report (Alberta Sustainable Resource Development 2001),
but these could alternatively have been estimated using the
Canadian Fire Behaviour Prediction System (Forestry Can-
ada Fire Danger Group 1992). This system required inputs
of fire weather and fuel type. Two spread rate measurements
were used from the second day of the fire (24 May 2001),
with an average spread rate of 5.65 ha/min.

Smoke is an excellent tracer and offers the possibility of
calibrating a model of dispersion in the lateral dimension to
estimate the parameter W. This was done by analyzing a
population of 35 smoke plumes from western Canada and
the northwestern United States during the 2000–2003 fire
seasons. A relationship was developed between W and
distance from the source, which represents daytime disper-
sion for a range of conditions of wildfires. The plumes were
observed using NASA’s Rapid Response System, which
provides access to Moderate Resolution Imaging Spectro-
radiometer (MODIS) satellite images (see King et al. 2003;
http://modis.gsfc.nasa.gov/about/specifications.php). The
MODIS images are 1 km resolution and provide visible
smoke plumes as well as indicating thermal hotspots from
the middle infrared and thermal infrared bands. While the

hotspots do not indicate fire size, they are a good indicator
of the general fire location. Weather data were available for
21 of these plumes. This empirical smoke-plume data set is
limited to a finite range of conditions. Hence, we developed
a regression between W and the atmospheric dispersion
index, ADI, to be able to calculate W for individual fires.
The ADI is a standard meteorological station output used to
indicate ease of dispersion. Our regression relationship
between W and ADI had an R2 = 0.77 using a random ef-
fects model (Rittmaster 2004). We then applied this model
to the Chisholm fire case study.

The vertical plume mixing parameter, H, was assumed to
equal the atmospheric mixing height. This assumes that the
plume is uniformly distributed vertically and that it does not
penetrate the top inversion layer. For some intense fires, this
may not be true, since vigorous convective mixing can be
created by a fire such that the convective column penetrates
the atmospheric boundary layer. For such cases, our model
would overestimate the surface concentration because some
of the plume is more widely spread at higher altitudes. The
mixing layer height estimate came from standard meteoro-
logical measurements at the Slave Lake weather station,
approximately 70 km from the fire. Additional data were
obtained from weather stations at Whitecourt (130 km away)
and Lac la Biche (120 km away).

The weather during the Chisholm fire was characterized
by a high temperature of 27 °C, low humidity, and winds
gusting to 50 km/h (Chisolm Fire Entrapment Investigation
2001). These extreme weather conditions combined with a
dry, flammable forest contributed to the fire event. The aver-
age ADI value on 24 May 2001 between the three weather
stations at noon was 100, while the average daily ADI from
the weather stations was 27. Values for ADI are lowest in
the mornings and highest at noon. Similar daily patterns for
mixing height were observed with the highest values occur-
ring midday. The average daily wind speed from all three
weather stations was 15 km/h. For this case study the daily
averages over the three weather stations are used for ADI
(27), mixing height (806 m), and wind speed. Figure 2
shows the predicted path of the smoke plume from the
smoke dispersion model.

A geographic information system (ArcView) allowed for
the dimensions of the smoke plume to be overlaid onto a
map of census subdivisions (see Fig. 2). Therefore, the
specific census subdivisions exposed to the smoke from the
Chisholm fire were evaluated. Population and demographic
information relating to the population of each census subdi-
vision was used in AQVM 3.0 to account for the number of
individuals affected and age-specific health factors. The smoke
dispersion model estimates PM2.5 concentration levels con-
tained in the plume. Figure A1 shows the predicted concen-
tration levels at various distances from the fire.

As a practical concentration cutoff, we only assessed health
impacts for concentrations greater than 30 µg/m3. Therefore,
the approach provides a conservative estimate from health
impacts because individuals exposed to levels below 30 µg/m3

are not included in the analysis.
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Fig. A1. Particulate matter concentration predictions over distance from source during the Chisholm fire, at actual atmospheric and
“worst-case” levels. The worst-case scenario represents a fire situation that has low levels of dispersion and high emission release
rates. The data related to the worst-case scenario were obtained from confidence intervals of fire behavior variables. For comparison,
the two dotted lines represent a confidence interval based on the random effects parameter that was used as part of the smoke disper-
sion model for the Chisholm fire. The parameters for the cases are as follows: Chisholm mixing height, 806 m; worst-case mixing
height, 900 m; Chisholm wind speed, 15 km/h; worst-case wind speed, 25 km/h; Chisholm atmospheric dispersion index (ADI), 27;
worst-case ADI, 25; Chisholm spread rate, 5.65 ha/min; worst-case spread rate, 2.6 ha/min; Chisholm fuel consumption, 2.35 kg/m3;
worst-case fuel consumption, 3.33 kg/m3; fire emission factor, 13.5 g/kg.


