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H I G H L I G H T S

• Wildland fires adversely affect air quali-
ty and health in the U.S.

• Between 2008 and 2012, fires increased
PM2.5 levels in the Northwest and
Southeast.

• We estimate thousands of premature
deaths and illnesses from these epi-
sodes.

• The economic value of these impacts is
in the tens to hundreds of billions of
US$.
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Introduction: Wildland fires degrade air quality and adversely affect human health. A growing body of epidemi-
ology literature reports increased rates of emergency departments, hospital admissions and premature deaths
from wildfire smoke exposure.
Objective: Our research aimed to characterize excess mortality and morbidity events, and the economic value of
these impacts, from wildland fire smoke exposure in the U.S. over a multi-year period; to date no other burden
assessment has done this.
Methods: We first completed a systematic review of the epidemiologic literature and then performed photo-
chemical air quality modeling for the years 2008 to 2012 in the continental U.S. Finally, we estimated the mor-
bidity, mortality, and economic burden of wildland fires.
Results: Our models suggest that areas including northern California, Oregon and Idaho in theWest, and Florida,
Louisiana and Georgia in the East were most affected bywildland fire events in the form of additional premature
deaths and respiratory hospital admissions. We estimated the economic value of these cases due to short term
exposures as being between $11 and $20B (2010$) per year, with a net present value of $63B (95% confidence
intervals $6–$170); we estimate the value of long-term exposures as being between $76 and $130B (2010$)
per year, with a net present value of $450B (95% confidence intervals $42–$1200).
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Conclusion: The public health burden of wildland fires—in terms of the number and economic value of deaths and
illnesses—is considerable.

Published by Elsevier B.V.

1. Introduction

The increasing frequency and intensity of largewildfires deteriorates
air quality and adversely affects human health (Crimmins et al., 2016;
Henderson et al., 2009; Liu et al., 2015, 2016; Westerling et al., 2006).
These events in turn both promote, and are exacerbated by, long-term
changes to the climate; current trends in these events are expected to
continue (Crimmins et al., 2016; Stavros et al., 2014). While the level
and type of pollutants emitted duringwildfires vary according to region
and fuel type, all fires release directly emitted particulate matter (PM)
as well as precursors to fine particles (PM2.5) and can contribute to
downwind formation of ozone (Knorr et al., 2012).

While risks to human health from exposure to PMare especiallywell
characterized in the epidemiological, toxicological and controlled
human exposure literature (US EPA, 2009), health impacts from PM
stemming from wildland fires have been less extensively studied,
though epidemiological literature has consistently observed adverse
human health impacts attributable to wildfire-related PM2.5 (Liu et al.,
2015). For example, Rappold et al. (2012, 2011) found that a peat fire
episode in eastern North Carolina was associated with increasing num-
bers of Emergency Department visits for cardiopulmonary and respira-
tory outcomes. Similarly, Delfino et al. (2009) observed increasing rates
of respiratory and cardiovascular hospital admissions resulting from a
month-long wildland fire episode in southern California. Epidemiologi-
cal studies conducted in other countries, including Australia, have ob-
served similar affects (Johnston et al., 2007; Morgan et al., 2010). A
systematic review of literature from the U.S., Australia and elsewhere
by Liu et al. (2014) found that wildland fire-related coarse particles
(PM10) were most consistently associated with respiratory outcomes.

Despite the growing body of epidemiological studies, there are a rel-
atively small number of air pollution risk assessments that attribute the
number of premature deaths and illnesses and the economic value of
health impacts to wildfire episodes. The risk assessments performed
thus far have been limited in their temporal scope, using a single
(2005) and projected (2016) year (Fann et al., 2013), or have been lim-
ited to examining onefire at a time (Jones et al., 2015; Kochi et al., 2012;
Rappold et al., 2014; Rittmaster et al., 2006). This paper builds upon this
literature to estimate the number and economic value of wildland fire
PM2.5-related premature deaths and illnesses in the contiguous United
States using chemical transport model predictions of PM2.5 from wild-
land fire episodes over a 5-year period beginning in 2008. Considering
a national scope allows us to more fully capture the impact that wild-
land fires may have on human health.

2. Materials and methods

In this study we characterized the overall magnitude and distribu-
tion of adverse health impacts by age and race that were associated
with exposure to fire-PM2.5 during wildfire smoke episodes. We used
health impact functions derived from epidemiological studies that
assessed the relationship between fire-PM2.5 and expected incidence
of health outcomes. We also performed a systematic literature review
and meta-analysis; however, using results from the meta-analysis in a
health impact functionwould have introduced considerable uncertainty
into the estimates, and thus were not used.

2.1. Health impact function

The risk assessment employs a health impact function to quantify
the number ofwildland fire-attributable premature deaths and illnesses

in each of the five years we modeled. We estimated the number of
PM2.5-related deaths and hospital admissions (yij) during each year i (i
= 2008, 2009, 2010, 2011, 2012) among individuals in each county j
(j = 1,…,J where J is the total number of counties) as: yij = Σa yija

yija ¼ m0ija � eβ∙C ij−1
� �� Pija;

where,β is the risk coefficient,m0ija is the baselinedeath rate or hospital
admission rate for the population in county j in year i among individuals
for 5-year age strata a, Cij is annual mean wildfire-attributable PM2.5

concentration in county j in year i, and Pija is the number of residents
in county j in year i for five-year age strata a.

To perform a health impact risk assessment we used baseline inci-
dence rates, population counts, and health impact functions included
in the environmental Benefits Mapping and Analysis
Program—Community Edition (BenMAP-CE, v1.1) (U.S. Environmental
Protection Agency, 2014) to estimate counts of PM2.5 attributable
deaths and respiratory hospital admissions in each of five years from
2008 to 2012. These inputs have previously been used to estimate
health and economic impacts in the national ambient air quality stan-
dards reviews, and the methods have been validated in previous publi-
cations (Berman et al., 2012; Fann et al., 2011; Office of Air Quality
Planning and Standards, 2011). Below we describe how we specify in-
puts and use the BenMAP-CE tool with the appropriate input data.

2.2. Air quality modeling predictions

We simulated daily air quality from 2008 to 2012 using the Commu-
nity Multiscale Air Quality version 5.1 (CMAQ v5.1) model with and
without emissions from wildland fires in the contiguous United States.
Wildland fires in our study included wildfires, prescribed fires, and
other significant fires but it excluded agricultural fires. The difference
between the two model runs represents the contribution of fire-PM2.5

and PM2.5 precursor emissions. Inputs to the model included gridded
meteorologicalfields, emissions data, and boundary conditions. Gridded
meteorological fields were provided by annual CONUS Weather Re-
search and Forecasting (WRF) model simulation. Meteorological fields
were defined on a 12 × 12 km horizontal grid with 35 vertical layers
of variable thickness extending up to 50 hPa. The lowest model layer,
which extended to approximately 20 m above ground was used to cal-
culate the annual mean concentration of PM2.5 (Δx) in the health im-
pact function.

The CMAQ input emissions were based on a 12 km national U.S. do-
main with speciation for the Carbon-Bond 05 chemical mechanism
(Yarwood et al., 2005). The emission inventory and ancillary files
were based on the 2008 emissions modeling platform for 2008, 2009,
and 2010 (EPA, 2012) and on the 2011 emission modeling platform
for 2011 and 2012 (US EPA, 2016). Since the focus of this study is wild-
land fires, any additional information about the non-fire emission
sources is noted in the references. The fire emissions were based on
year specific daily fire estimates using the Hazard Mapping System
fire detections and Sonoma Technology SMARTFIRE system version 2
(Sonoma Technology, 2007). Smartfire2 is a framework for producing
fire activity data and allows for the merging of multiple data sources.
Some of the fires included in the fire inventory come from satellite
based remote sensing sources which cannot distinguish large pre-
scribed or debris burning fires from wildfires with certainty. After mul-
tiple sources of fire information are reconciled to create fire activity
estimates, the fire emissions are estimated using fuel moistures (via
the USFS Wildland Fire Assessment System), consumption estimates
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