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a b s t r a c t

Management of fire is an important and controversial policy issue. Active fire suppression has led to a
backlog of fuels, limited the ecological benefits of fire, and reduced short-term smoke impacts likely
delaying these emissions to future generations over a larger spatial extent. Smoke impacts can be ex-
pected to increase as fire size and intensity increase and the fuel backlog is consumed; whether through
reintroduction of fire under desirable conditions or through stand replacing fire. Land Management
Agencies would like to increase the use of naturally ignited fires to burn during favorable conditions as a
way to reduce catastrophic fires. This study provides information about the levels of air quality impacts
expected from these types of fires and discusses some of the policy controversies of managed fire that
propagate inconsistencies between agencies and enter the public discourse. The Lion Fire, a primarily low
intensity 8,370 ha fire that was extensively monitored for Particulate Matter less than 2.5 microns
(PM2.5), is used to quantify impacts to air quality. PM2.5 monitoring sites are used to assess exposure,
public health impacts, and subsequently quantify annual air quality during a year with a fire that is
within the historic normal fire size and intensity for this area. Ground level PM2.5 impacts were found to
be localized with 99% of the hourly Air Quality Index readings in the moderate or good category for the
sites impacted by the fire. PM2.5 concentrations at sites nearest the fire were below annual federal air
quality standards for PM2.5 with annual 98th percentile at the most impacted sites (Johnsondale,
Kernville, and Camp Nelson) of 35.0, 34.0, and 28.0 mg me3 respectively. Smoke impacts to PM2.5 con-
centrations were not found to reach the populated Central Valley. The findings suggest that this type of
fire can be implemented with minimal public health impacts thus allowing an opportunity for air and fire
managers to alter policy to allow additional burning in an area with severe anthropogenic air pollution
and where frequent widespread fire is both beneficial and inevitable. The more extensive air quality
impacts documented with large high intensity fire may be averted by embracing the use of fire to prevent
unwanted high intensity burns. A widespread increase in the use of fire for ecological benefit may
provide the resiliency needed in Sierra Nevada forests as well as be the most beneficial to public health
through the reduction of single dose exposure to smoke and limiting impacts spatially.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Wildland fire management is an important subject for policy
makers to address. It is necessary for some ecosystems to thrive but,
depending on environmental and weather conditions, may cause
detrimental impacts to air quality and to human health. However,
(D. Schweizer), rcisneros@
some wildland fires and the subsequent smoke impacts to human
health may be necessary to best mitigate the extreme air quality
events from large high intensity fires. By proactively managing fire
under desirable conditions, improved ecological health can provide
a resilient and robust forest system in the Sierra Nevada that can
help lessen public health impacts from anthropogenic emissions
while minimizing air quality impacts from wildfire emissions.

Fire has a significant role in the formation and health of forests
in the California Sierra Nevada (Kilgore, 1981). Before active sup-
pression of wildfires, slow moving low intensity ground fires
dominated this ecosystem providing an ecological pressure that
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shaped the fire-adapted and tolerant species native to this area. The
natural process of frequent, low intensity burns is essential to
maintaining healthy landscape level populations and overall forest
health (e.g. Swetnam et al., 2009; Moreira et al., 2010; Ferrenberg
et al., 2006; Keeley et al., 2005; Zimmerman and Laven, 1987;
Parmeter and Uhrenholdt, 1975). Fire adaptation and tolerance
are necessary for the continued health of this ecosystem particu-
larly in the face of climate change (Stephens et al., 2010).

Wildfire activity has increased with longer wildfire seasons
coupled with larger size and longer duration wildfires (Westerling
et al., 2006) since the radical suppression tactics utilized over the
last century and a half. High severity stand-replacing fire has been
increasing in the Sierra Nevada since the mid-1980s, with mean
and maximum fire size and annual area burned at or above those
before the national policy of suppression was instituted (Miller
et al., 2009). Total burned areas in recent years, which currently
are considered “extreme fire years,” are typical of historically
normal burn years (Stephens et al., 2007). Although burned area is
similar, emissions of current fires can be greater because of
excessive fuel loading from past fire suppression and increased fire
intensity caused by warmer and dryer conditions.

Fire policy by Land Management Agencies (LMAs) has being
changing over the last two decades. Past suppression policies are
now recognized as one important factor leading to the catastrophic
and unnatural forest fires presently occurring. Prescribed Burning
(PB) started to be implemented in federally protected lands in
California in an attempt to re-introduce fire as a natural process in
the forest. In California, the National Park Service started imple-
menting PBs in 1960s and the U.S. Forest Service started in the
1990s. After years of PB, it is apparent that the small scale burning
typical of PB (<200 ha) will not lead to the landscape level resto-
ration of fire sought by LMAs. Thus LMAs are proposing wider
implementation of managed fire (MF). A MF is typically started
with a natural ignition (lightning) and of larger size than PB. MFs
utilize smoke dispersal, meteorological, and fuel conditions which
allow for the safest implementation. MF is different from fires that
use full suppression tactics in that larger areas are allowed to burn,
when there is no threat to life or property, to maximize the bene-
ficial effects of fire while reducing fire cost and increasing fire-
fighter safety.

The Lion Fire was a naturally ignited fire in California that was
allowed to burn as a MF. LMAs suggested that this type of fire (MF)
could be implemented successfully allowing for fire to return to the
landscape without causing ecological damage and at the same time
impacts to air quality can be minimized to the extent that air pol-
lutants in the most smoke impacted areas are below federal
thresholds.

The Lion Fire is representative of a fire the size and intensity
which historically occurred and is needed to restore and sustain the
natural role of fire in the Sierra Nevada (Beaty and Taylor, 2008).
Historically fire in this forest type burned on average between 11
and 40 years (Van deWater and Safford, 2011), but this area had not
burned in approximately 90 years, therefore fuel loads were greater
producing larger emissions that would not have occurred with the
historically lower fuel loads from more frequent fire.

1.1. Wildland fire, smoke, and ambient air quality

Burned area alone is not indicative of emissions from wildland
fire. In addition to fire size, fuel loading, fire intensity, and fuel
consumption at a minimum need to be understood to accurately
assess emissions. Emissions from a wildland fire are not indicative
of ground level concentrations of Particulate Matter less than 2.5
microns (PM2.5) and are difficult to predict (Yao and Henderson,
2014) even during large fires. Ground level concentrations and
the subsequent impacts to air quality and human health are a
product of emissions, plume height, transport distance, dispersal,
and a suite of meteorological parameters. Background levels of
pollutants in a fire-adapted ecosystem must also account for the
reduction of smoke during an era of suppressionwhere background
levels are artificially reduced or in essence delayed until fuels are
consumed. Lack of fire as has been typical during the era of fire
suppression can be taken as artificially reducing smoke impacts to
local air quality while providing a backlog of future emissions. Fire
suppression in the Sierra Nevada which predates the beginnings of
air quality monitoring for public health has likely led to an unsus-
tainable expectation that background air quality in the Sierra
Nevada is primarily smoke free. Burned areas during times now
considered extreme fire years are potentially more indicative of the
areas burned before fire suppression was implemented in Califor-
nia, although the overall impacts to ground level air quality may be
higher than a natural background from the increased fuel loading
and climate change (Hurteau et al., 2014). The backlog of fuels
created through years of fire suppression has likely created an
emissions deficit that will be confronted in the near future by an
increasing population. Thus it is imperative to address the issue of
smoke and public health with proactive policy that considers the
dilemma of withholding smoke emissions that are to be saddled on
the public in the future.

Mortality impacts attributed to smoke from wildland fire are
only recently beginning to be understood. Sastry (2002) only
consistently found a mortality impact at high particulate matter
levels (PM10 above 210 mg me3). Lower levels (PM2.5 level below
48 m gme3) were not found to create a significant mortality impact
(Vedal and Dutton, 2006). Kochi et al. (2012) found a threshold
effect for mortality in densely populated areas of San Bernardino
County during the large wildfires of 2003 in southern California
(PM10 levels over 360 mg me3 and PM2.5 levels over 100 mg me3) but
did not find significant mortality impacts in less densely populated
areas with similar levels or in densely populated areas with milder
levels. Johnston et al. (2013) reported that decreased air pollution
from biomass smoke was associated with reductions in mortality.
Smoke management in a fire adapted ecosystem must incorporate
both the immediate and long term smoke impacts to public health
including the spatial scale of smoke impacts under different fire
management scenarios.

1.2. Public perception of smoke

Without an understanding of smoke impacts from altering the
fire regime, a strong incentive exists to suppress and delay emis-
sions to the future. This is in part due to public perception of fire
and fire management being complex and belief based (Bright et al.,
2007) likely reflecting the complexity of fire, evolving fire man-
agement techniques (Brown et al., 2004; Dellasala et al., 2004), and
public perceptions (Gauchat, 2012) and awareness (Murphy et al.,
2007) in particular when attempting to understand the role of
fire for ecologic and human health. Public health officials and the
general public are biased to offsetting smoke emissions to some
future date to limit the pollutants today. This is especially true in
areas of high anthropogenic pollution and where smoke impacts
directly impact the local economy. This creates a dilemma for fire
managers where it is easier to suppress fire for the immediate
benefits than to actively manage for forest health. Healthy re-
lationships between stakeholders are integral to healthy forests
and public understanding of smoke from wildland fires (Champ
et al., 2012).

Compounding public perception of risk from smoke is the high
visibility of smoke from wildland fires in the Sierra Nevada. The
Sierra Nevada rise from the California Central Valley, perching
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Sierra Nevada wildland fires above major urban areas. Plumes from
wildland fires in the Sierra Nevada are almost always visible from at
least one urban area in the Central Valley. Additionally, prevailing
winds typically move west to east dispersing smoke over the
Owens Valley frequently reducing visibility in this tourist based
economy. Even though smoke from wildland fire is innately a part
of the Sierra Nevada and as essential as floods, blizzards, wind
storms and other natural processes, agency and public perceptions,
beliefs, and attitudes are variable (Steelman and McCaffrey, 2011)
and include a belief that smoke free air in the mountains of the
Sierra Nevada is a standard condition instead of an anthropogenic
bi-product of fire suppression that is not sustainable.

1.3. Fire policy as perceived by Land Management Agencies in the
Sierra Nevada

Large areas of the Sierra Nevada are managed by federal
agencies. The U.S. Department of the Interior National Park Service
(NPS) and the U.S. Department of Agriculture Forest Service (USFS)
are the primary land management agencies in the Sierra Nevada
west of the crest. Although these two agencies are quite often
confused by the general public, their founding missions are
fundamentally different. The NPS is a conservation organization
where anthropogenic impacts are eliminated to the greatest extent
possible while the USFS allows for regulated sustainable use of the
forest ecosystem. On USFS managed land, human activities such as
logging, hunting, mountain biking, motorized vehicle use, etc. are
typically less restricted than on NPS managed land.

Both the USFS and the NPS manage designated Wilderness
Areas. The Wilderness Act is the legislation intended to guide
management of these areas for federal land managers (FLMs). The
Wilderness Act restricts the development of these areas and re-
quires FLMs to protect and preserve the natural conditions. FLMs
are largely restricted from using invasive techniques such as me-
chanical thinning in Wilderness Areas. The goal is to have a natu-
rally functioning ecosystem to provide the public with a place of
solitude connected to the natural world, a connection with the
historic value of the American wilderness, and an area set aside for
the conservation of plant and animal species for all to enjoy. Natural
areas also have the capacity to enhance air and water quality
though restricting development and allowing the natural system to
act as a pollution sink and natural buffer to anthropogenic impacts
(Hurteau and North, 2009; Fule, 2008; Hurteau et al., 2009;
Hurteau and North, 2010).

Nowhere do these lofty goals come in more conflict than smoke
management from a natural ignition wildland fire in a Wilderness
Area Not only is it well understood that fire plays an essential role
in the health of the Sierra Nevada (Beaty and Taylor, 2008; Nesmith
et al., 2011) but it is also understood that wildland fire is necessary
to reduce fuels that have accumulated from past fire suppression
policies to a degree which threaten the ecological integrity of these
forests (Reinhardt et al., 2008) while attempting to mitigate po-
tential increases in fire activity from climate change (Liu et al.,
2010; Spracklen et al., 2009). But, FLMs are not only regulated by
the Wilderness Act, they are also regulated by a myriad of other
laws, acts, and policies including the Clean Air Act (CAA, 2011) and
the Regional Haze Rule (1997). The public, public health officials,
representatives of tourist based economies, and smoke sensitive
residents pressure LMAs to fully suppress these fires.

Land management policy objectives and the current under-
standing of ecological benefits provide clear direction to manage
these fires on the landscape while air regulation policy through the
Clean Air Act (2011), Regional Haze Rule (1997), etc. attempt to
restrict anthropogenic emissions. Economic interests compete for
these emission thresholds and the overall capacity of an air shed to
disperse and buffer pollutants. Wildland fire emissions to the air
shed, even though a natural process emission, are typically
managed as an anthropogenic emission. This provides conflicting
policy and directionwhere regulator coordination has been difficult
(Arbaugh et al., 2009) and public opinion is heavily weighted
through the use of complaint programs. Additionally through pol-
icies such as the Exceptional Events Rule (2007), air regulators have
more latitude for compliance with air quality standards when
natural events can be determined to have caused air quality vio-
lations. Although in practice this has been complicated by how to
document the contribution from awildfire and the interpretation of
what is a natural event wildfire (California Title 17 (California Code
of Regulation, 2014) considers a natural ignition fire as a PB). Land
managers are thus in the conundrum of mitigating smoke impacts
during a natural ignition fire with little public support or sup-
pressing all fire which withholds emissions until a MF with full
suppression occurs where air quality impacts are marginalized by
the more immediate concerns of loss of life and property from the
fire itself.

1.4. National and California Ambient Air Quality Standards and
smoke management

Air quality in the U.S.A. is regulated through a multifaceted
approach using Federal, State, and local laws to assure compliance
with clean air requirements established by the CAA.

The CAA was passed in 1963 and establishes the regulatory
framework for air pollution prevention and control in the United
States of America. The primary goal of the CAA is pollution pre-
vention through “… reasonable Federal, State, and local govern-
mental actions” (CAA, 2011). The CAA (2011) was established to
“protect and enhance” the air resources of the United States,
expand and improve research of air pollution, provide national
assistance to State and local governments for air pollution control
and prevention, and to foster regional air pollution control and
prevention programs. The U.S. Congress, recognizing that the U.S.
population was increasingly located in expanding urban areas and
“that the growth in the amount and complexity of air pollution
brought about by urbanization, industrial development, and the
increasing use of motor vehicles, has resulted in mounting dangers
to public health and welfare” (CAA, 2011), found “… Federal
financial assistance and leadership is essential for the development
of cooperative Federal, State, regional, and local programs to pre-
vent and control air pollution.” (CAA, 2011) The primary re-
sponsibility of prevention, reduction, and elimination of air
pollution at its source lies with the States and local governments.
Pollution prevention is expected with cooperation of all levels of
government through Federal, State, and local laws. Federal stan-
dards provide basic requirements which State and local law can
make more stringent. Cooperation has not fulfilled this standard.
Because this cooperation is essentially based in regulating
anthropogenic pollutants natural sources of pollutants are not
willingly accepted into a polluted air district. When emissions from
economically advantageous industries are by necessity being
regulated, natural emissions are an easy target to eliminate. There
is no incentive in the CAA to allow for natural source emissions
providing a difficultly in allowing wildland fire.

The CAA establishes a framework of uniform laws with federal
enforcement. In addition to regulating air pollutants, the CAA in-
cludes guidance on visibility, prevention of significant deterioration
of air quality and visibility, in wilderness areas, emissions and fuel
standards, noise pollution, and stratospheric ozone protection.
Compliance to the CAA is primarily administered by the U.S. Envi-
ronmental Protection Agency (EPA). The EPA establishes National
Ambient Air Quality Standards (NAAQS) as benchmark levels of



D. Schweizer, R. Cisneros / Journal of Environmental Management 144 (2014) 265e278268
criteria pollutants and ensures compliance with these standards.
Areas below the NAAQS are considered “attainment areas” while
areas above are “nonattainment areas”. Meeting the NAAQS is
delegated to the state. Individual states are granted primary re-
sponsibility for assuring air quality by the establishment of a State
Implementation Plan (SIP). The SIP specifies how the state will
achieve the national primary and secondary ambient air quality
standards.

A 1977 amendment to the CAA established regulatory protection
for visibility in wilderness and other natural, scenic, and historic
areas. Wilderness areas managed by federal land management
agencies are now provided addition protection with a “prevention
of significant deterioration of air quality” (CAA, 2011) from addi-
tional anthropogenic point source emissions (i.e. power plants).

For human health protection, the EPA has established primary
standards for 6 criteria pollutants (Particulate Matter (PM10, PM2.5),
Ozone (O3), Sulfur Dioxide (SO2), Nitrogen Dioxide (NO2), Carbon
Monoxide (CO), and Lead (Pb)). The California Clean Air Act (1988)
established additional more stringent standards for these criteria
pollutants and also established standards for sulfates, hydrogen
sulfide, vinyl chloride, and visibility reducing particles with the
California Ambient Air Quality Standards (CAAQS). Areas in
compliance with the standards are considered “attainment” areas,
while those areas not in compliance are considered “non-attain-
ment” areas.

In California, the California Air Resources Board (CARB) is the
responsible state agency. CARB further delegates this responsibility
to local Air Pollution Control Districts or Air Quality Management
Districts. The Districts have the primary responsibility for meeting
the requirements of the CAA (Fig. 1). Emissions from both MF and
prescribed fire are considered air pollutants with regulatory over-
sight by CARB and the Districts. This causes a dilemma for a fire like
the Lion Fire to be implemented as a MF as it is perceived as a PB
and there is no incentive for an air district to accept additional
emissions from fire. Additional emissions create disincentives
including nuisance complaints and possible enhancement of
Fig. 1. California air district boundaries and Particulate Matte
standard violations in a non-attainment area to air regulators.
Additionally, public health officials necessarily will discourage
smoke emissions as any smoke subjects the public to exposure
which will inevitably lead to public health issues particularly for
the young, elderly, and other sensitive groups. In an anthropogenic
polluted air basin it is particularly difficult to confront some smoke
todaywhen it can be postponed to some undetermined future date.

Emissions from wildland fires impact air quality and contribute
to air pollutant concentrations (Langmann et al., 2009). Smoke
from wildland fires impact visibility locally and regionally
(McMeeking et al., 2006). Anthropogenic emissions in the Califor-
nia create widespread air quality impacts with approximately 28%
of the land area of California and 26 million (70%) of its residents
living in areas designated as nonattainment of the federal stan-
dards for PM2.5. This includes the California Central Valley which is
one of the most polluted air sheds in the world. PM2.5 is a signifi-
cant problem for air quality in this area and is a component of
smoke generated from fires. This has led the Air regulatory agencies
to be even more stringent when it comes to putting fire back on the
landscape.

Exposure to smoke has adverse impacts to human health (Kochi
et al., 2010). Large uncontrolled wildland fires on public lands can
have significant impacts on air quality in urban areas (Viswanathan
et al., 2006) with an increased exposure to smoke causing an in-
crease risk to human health (Tham et al., 2009; Kunzli et al., 2006).
Current health research also underlines the impacts of smoke at
low doses and differing socio-economic factors (Rappold et al.,
2012) which will undoubtedly yield a better understanding of
smoke mitigation in the ensuing years that will provide air and fire
managers better insight into smoke impacts on all communities
from multiple fire scenarios using PB, MF, and full suppression.
Understanding impacts from wildland smoke are further
confounded by location in California where chronic PM2.5 exposure
is highly dependent on location. Exposure to high concentrations of
PM2.5 is typical in the Central Valley while concentrations typically
are much lower as elevation increases and population density
r less than 2.5 microns (PM2.5) monitoring site locations.
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decreases (Cisneros et al., 2014). Excess mortality from wildland
smoke is similar to general estimates for urban PM (Hanninen et al.,
2009) suggesting federally developed health standards would
accurately represent relative risk for a given population.

1.5. Competing priorities in smoke management: the balancing act

Federal land managers and air regulators attempt to balance
competing priorities between fire and air quality. Advances in
wildfire simulation and predictive models are helping to frame
federal wildland fire policy and operations by implementing a risk
management framework to support the decision making process
(Calkin et al., 2011a; Vadrevu et al., 2010; Calkin et al., 2011b) but
there is an inherent unpredictability in wildfire behavior and un-
certainty in prioritizing value to ecological and human health im-
pacts (Brugnach et al., 2011; Thompson and Calkin, 2011). This
again leads to air policy through the CAA being invoked to
discourage MF because the risk of a larger than predicted smoke
event can essentially stop an active fire management program for
many years.

Smoke transport and the unpredictability of wildland fire and
the subsequent emissions makes MF very difficult to conduct
because of smoke management. Smoke impacts to air quality are
dependent on weather (i.e. wind speed and direction), seasonal
timing, and emissions (i.e. fuel loads, fire intensity) (Tian et al.,
2008). There is an opportunity to use MF to better control these
emissions and potentially mitigate some smoke impacts to public
health with better control of the timing and intensity of emissions.
Large uncontrolled fires with burn intensities greater than the
historic normal will produce major air quality impacts while fires
burning within normal fire intensity in the Sierra Nevada have less
impact over a smaller area. Increasing MF ideally would reduce the
spatial extent of smoke impacts by controlling fire intensity and
size but would also likely increase localized exposure to some
smoke as more fires in a given area are allowed to burn.

This manuscript will test that hypothesis that the Lion Fire did
not significantly impact air quality and provide insight and infor-
mation about the conflicting policies connected to this case study.
Thus data presented in this paper are assumed to be representative
of a conservative estimate of ground level concentrations of PM2.5
from a wildland fire in the southern Sierra Nevada and represen-
tative of other areas where fire suppression has left an unnatural
fuel load. Smoke impacts to public health are evaluated during the
event and analyzed to understand the significance of a fire this size
on local and regional air quality. This study uses air quality con-
centrations of PM2.5, one of the criteria pollutants under the Na-
tional Ambient Air Quality Standards (NAAQS), collected during the
fire to identify impacts. Current Federal fire policy with respect to
public and ecological health is discussed to help balance the conflict
between air and land management as it relates to wildland fire and
ultimately to determine if smoke impacts to air quality are mini-
mized successfully when allowing active use of wildland fire as a
tool for land managers.

2. Material and methods

2.1. Fire location and description

The Lion Fire started near Lion Meadow in the Golden Trout
Wilderness on the Sequoia National Forest (36� 160 500 N, 118� 300

4000 W) and primarily burned in the Golden Trout Wilderness of
Sequoia National Forest. The fire burned a total of 8,370 ha from 7/
8/2011 to 9/7/2011. 7,920 ha burned in the Sequoia National Forest
and 450 ha in Sequoia National Park (Fig. 1). Fire information data
for the Lion Fire and other wildland fire emission sources during
this period were obtained from the National Interagency Fire
Center (2012) additional local fire information was obtained from
the Sierra Wildland Fire Reporting System (2012) and Forest and
National Park Service staff.

The ignition point was near Lion Meadow approximately three
quarters of a mile north-northeast of the confluence of the Little
Kern River and Lion Creek. The fire initially burned north and east
toward the Great Western Divide which in this area separates the
Little Kern and the Kern River drainages. The fire then progressed
generally north and west; up the Little Kern River and Pecks Creek
drainages. After ignition on July 8, 2011 the fire grew at less than
150 ha per day until July 17. Over the next three days the fire grew
about 1,500 ha, followed by 2 days of slower growth. Reported fire
size increased by over a 4,600 ha from July 23 to July 28, and then
growth slowed to 206 and 334 ha. After July 30 the fire did not
increase by more than 136 ha per day. Areas of the fire with high
severity primarily occurred 7/19e20 and 7/25e28.

2.2. Data collection

PM2.5 data from 34 monitoring sites (Table 1) was compiled and
used to assess smoke exposure to human health. Site locations
ranged from approximately 16.6 kme242.8 km from the ignition
point of the Lion Fire.

Data for regulatory sites in California was obtained from the
California Air Resources Board (CARB) Air Quality and
Meteorological Information System (2012). Data from tribal lands
(Lone Pine and Bishop) is from the Tribal Environmental Exchange
Network (2012). Data from Nevada is from Clark County
Department of Air Quality (2012). Smoke emissions from wild-
land fire in the Sierra Nevada 7/8e9/7/2012 (during the Lion Fire)
were almost entirely from the Lion Fire with no other fire burning
over 40 ha. Wildland fires that occurred during this time (excluding
the Lion Fire) exhibited short term (typically less than 1 day) and
localized smoke impacts. Newly ignited wildland fires throughout
the Sierra Nevada during this time were actively suppressed
reducing or eliminating smoke impacts from other wildland fires at
all monitoring sites. Levels of PM2.5 at sites where smoke from the
Lion Fire was not present were within normal variations typical in
the Sierra Nevada (Cisneros et al., 2014).

Met One Instruments, Inc. (Oregon, U.S.A.) Beta Attenuation
Monitors BAM-1020 (BAM) were used at permanent monitoring
sites where data was collected year round, and Met One In-
struments, Inc. Environmental Beta Attenuation Monitors (EBAM)
were used at the non-regulatory temporary monitoring sites (see
Table 1 for dates of operation). The BAM can be used as a Federal
Equivalent Method (FEM) for measuring PM2.5. FLMs BAMs do not
adhere to the EPA FEM requirements and therefore the PM2.5 data is
not appropriate for compliance determination. The EBAM is
designed for temporary and quick deployment. The EBAM has not
been designated by the EPA as an FEM. BAM hourly measurements
have a resolution of ±0.1 mg m�3. EBAM accuracy is ±10% of the
indicated value for hourly measurements with data resolution of
1.0 mg m�3. The BAM (EBAM) hourly lower detection limit, set by
twice the standard deviation of the hourly zero noise, is less than
4.8 mg m�3 (6.0 mg m�3). The BAM (EBAM) 24-h average lower
detection limit is less than 1.0 mg m�3 (1.2 mg m�3) (Met One
Instruments, Inc, 2008a; Met One Instruments, Inc., 2008b).

2.3. Data calculations

Annual PM2.5 calculations are based on the Guideline on Data
Handling Conventions for the PM NAAQS (US EPA, 1999). Calculations
and graphics weremade using the R statistical environment (R Core
Team., 2012; Carslaw and Ropkins, 2012) FLM air monitoring sites



Table 1
Site Information arranged by distance from the fire.

Site Latitude (N) Longitude (W) Regulatory Temporary site dates Distance (km) and direction from lion fire

Camp Nelson 36.14105 118.60876 No 7/14e10/4/2011 16.6 SW
Springville 36.13625 118.81070 No Permanent site 30.7 WSW
Johnsondale 35.96970 118.54090 No 7/14e10/6/2011 33.2 S
Three Rivers 36.42792 118.91230 No 7/8e10/7/2011 40.2 WNW
Lower Kaweah 36.56580 118.77720 No 7/19e10/19/2011 40.6 NW
Ash Mountain 36.48940 118.82920 No Permanent Site 40.8 NW
Kennedy Meadows 36.02135 118.13690 No 6/15e10/28/2011 43.4 SE
Olancha 36.25534 117.99390 No 7/29e9/7/2011 46.5 E
Lone Pine 36.59556 118.04917 Yes Permanent site 55.1 NE
Porterville 36.03183 119.05500 Yes Permanent site 55.5 WSW
Kernville 35.75506 118.41740 No Permanent site 57.5 S
Pinehurst 36.69731 119.01880 No Permanent site 62.1 NW
Keeler 36.48791 117.87111 Yes Permanent site 62.4 ENE
Montecito Sequoia 36.71900 118.92200 No 7/7e7/22/2011 65.9 NW
Independence 36.80994 118.20370 No 7/14e9/6/2011 66.1 NE
Hume Lake 36.79447 118.90490 No 7/7e8/11/2011 68.2 NW
Visalia 36.33250 119.29100 Yes Permanent site 70.4 W
Dunlap 36.75695 119.16531 No 7/8e7/20/2011 79.9 NW
Corcoran 36.10222 119.56583 Yes Permanent site 96.7 W
Trimmer 36.91119 119.30600 No 6/16e10/6/2011 100.8 NW
Hanford 36.31472 119.64333 Yes Permanent site 101.8 W
Bakersfield 35.35667 119.06278 Yes Permanent site 112.7 SW
Bishop 37.36667 118.41667 Yes Permanent site 122.2 N
Clovis 36.81944 119.71639 Yes Permanent site 124.1 WNW
Fresno 36.78194 119.77306 Yes Permanent site 126.6 WNW
Mojave 35.05035 118.14811 Yes Permanent site 139 SSW
North Fork 37.23300 119.50600 No 6/16e10/29/2011 139.1 NW
Oakhurst 37.33989 119.66700 No 8/12e9/7/2011 157.5 NW
Mammoth Lakes 37.64729 118.96430 No 8/14e9/6/2011 158.3 NNW
Lebec 34.84167 118.86056 Yes Permanent site 161.4 SSW
Lebec2 34.84150 118.86050 Yes Permanent site 161.4 SSW
Yosemite Valley 37.74861 119.58694 No Permanent site 190.2 NW
Lee Vining 37.93979 119.12840 No 8/14e9/6/2011 193.5 NNW
Tuolumne 37.96199 120.23920 No 8/13e9/6/2011 242.8 NW
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are typically not regulatory monitors and the data presented here is
for comparative purposes to help better understand regulatory
compliance and smoke impacts at more rural mountain commu-
nities in the southern Sierra Nevada. FOFEM6 (2013), a first order
fire effects model, was used to calculate PM2.5 emissions
throughout the fire. Primary cover types used were Ponderosa Pine,
Red Fir, and Sierra Nevada Mixed Conifer.

Air Quality Index (AQI) is a system of reporting daily air quality
established by the U.S. Environmental Protection Agency (EPA). AQI
has 6 categories (good, moderate, unhealthy for sensitive groups,
unhealthy, very unhealthy, and hazardous) with thresholds
depending on a given pollutant. EPA breakpoints (0e12, 12.1e35.4,
35.5e55.4, 55.5e150.4, 150.5e250.4, 250.5e500 mg me3) are used
when determining the AQI for the daily or 24-h PM2.5 concentra-
tion. Daily human health impacts are also assessed by comparing
one hour PM2.5 concentrations to the standards set by the California
Office of Environmental Health and Hazard Assessment (2013) for
public health officials. The 1e3 h average breakpoints from good to
hazardous are 0e38, 39e88, 89e138, 139e351, 352e526,
>526 mg me3 respectively. These standards have not been imple-
mented as regulatory standards but are routinely used by public
health officials and land managers in California to assess smoke
exposure and issue appropriate smoke advisories during awildland
fire.

Established regulatory NAAQS thresholds are used to determine
long term health impacts from smoke exposure during the Lion
Fire. Annual PM2.5 statistics for permanent non-regulatory sites
(Table 1) are calculated using the NAAQS data handling conventions
and are compared to both regulatory standards and the urban
regulatory monitoring sites.

NAAQS data handling convention protocol require the 98th
percentile to be calculated as a rank value. All daily concentrations
over a given year are ranked from highest to lowest. The 98th
percentile is then determined dependent on the number of daily
samples obtained. Daily samples are required to be representative
of the entire year so that high concentrations are not missed due
to sample timing. If less than 50 days are sampled equally
throughout the year, the highest (1st) daily concentration is the
98th percentile for the year. With more samples, the rank in-
creases until the 8th highest day of a given year is used when 351
or more days are recorded. Because temporary sites used in the
Lion Fire did not collect full year data and were sampling every
day, we used the 5th highest concentration as a conservative es-
timate of the annual 98th percentile. Using the 5th highest con-
centration by NAAQS data handling conventions would mean
201e250 of the daily mean concentrations for the year were
recorded or 3 of the highest daily concentrations occurred when
data was not being collected. Temporary monitoring site locations
were located at elevations where PM2.5 concentrations are highest
in the summer and with maximum concentrations typically
occurring during a smoke event (Cisneros et al., 2014). We believe
using the 5th highest concentration, rather than the 8th highest
concentration, is a conservative estimate of the 98th percentile for
these temporary sites because the highest PM2.5 concentrations
for the year were likely during the Lion Fire. Use of the 5th highest
concentration allows for 3 daily high concentrations to be missed
during the segment of the year when PM2.5 was not monitored
and concentrations were likely lower. This ensures at least 55% of
the highest daily readings for the year were captured at temporary
sites during the Lion Fire thus leading to a conservative (low)
valuation of the 98th percentile.

Annual federal standards are 3-year mean concentrations.
Exceeding the federal threshold on a given day or for a year does
not inevitably result in exceeding the federal standard.



D. Schweizer, R. Cisneros / Journal of Environmental Management 144 (2014) 265e278 271
3. Results

3.1. Smoke transport

Emissions estimates of PM2.5 were approximately 24,000 Mg for
the entire fire with the 3 highest emissions days being 7/26
(3,300 Mg), 7/25 (2,980 Mg), and 7/27 (2,600 Mg).

Upper air winds were typically from the west and generally
moved smoke that was aloft to the east. HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) forward trajectories
(NOAA Air Resources Laboratory, http://ready.arl.noaa.gov/
HYSPLIT.php) frequently predicted air transport to the south or
southeast and north through the Owens Valley in themornings and
northeast in the afternoons (Fig. 2). Satellite imagery including
smoke density data from the Hazard Mapping System (HMS) Fire
and Smoke Product (NOAA National Environmental Satellite, Data,
and Information Service http://satepsanone.nesdis.noaa.gov/FIRE/
fire.html) and web cameras show the typical transport pattern
from the fire was east and northeast across the Owens Valley into
Nevada during the day (Fig. 2) and would sink into local river
drainages (primarily the Kern River drainage) at night.
Fig. 2. Smoke dispersal patterns using monitoring site data, Hazard Mapping System (HMS
Lagrangian Integrated Trajectory (HYSPLIT) forward trajectories for (a) afternoon 7/18/20111
the hourly data was good for entire area) and (b) morning (7/26/2011 0800) with 1-h AQI
Smoke was transported throughout the Sierra Nevada and east
into and beyond the Owens Valley. The complex topography of the
Sierra Nevada dictated timing and location of the largest PM2.5 im-
pacts as smoke frequently settled into andwas transported through
drainages. The Kern River drainage dominated the ground level
transport of smoke from thefire. Night-time conditions drewsmoke
from the Lion Fire down the Little Kern River drainage into the Kern
River drainage south to Lake Isabella and east towards Walker Pass.
This pattern was typical of smoke patterns documented by ground
observations and PM2.5 monitoring during the fire.

3.2. PM2.5 AQI during the Lion Fire

Air quality impacts to PM2.5 from the Lion Fire as determined by
AQI were localized, and extended furthest in the major transport
corridor of the Kern River drainage. Effects from the Lion Fire could
not be determined to impact the Central Valley. Sites nearer the fire
typically saw increased concentrations into the good or moderate
category.

Monitoring sites with the largest impacts from the Lion Fire
PM2.5 were Johnsondale, Camp Nelson, and Kernville. Camp Nelson
) data, fitted trend surface using hourly ground based data, and HYbrid Single-Particle
600 with daily Air Quality Index (AQI) for each site (fitted trend surface modeled using
for each site.

http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php
http://satepsanone.nesdis.noaa.gov/FIRE/fire.html
http://satepsanone.nesdis.noaa.gov/FIRE/fire.html
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experienced the highest levels of PM2.5 (376 mg m3 max hourly and
166.7 mgm3max 24-h) but had only 17 days (24-hmean) above and
AQI of good. Both Kernville (211 mgm3max hourly and 68.4max 24-
h) and Johnsondale (333 mg m3 max hourly and 95.8 mg m3 max 24-
h) did not have such high single day concentrations, but both
experienced more days above an AQI of good (38 and 35 days
respectively) than Camp Nelson (Table 2).

Highest concentrations of PM2.5 at Kernville typically come from
the south and southeast (Fig. 3a). During the Lion Fire the highest
PM2.5 concentrations at Kernville were from the north and north-
east as smoke transport down the Kern River canyon dominated
(Fig. 3b). Smoke sank into the Kern River drainage and was trans-
ported down drainage to Kernville during the night and was re-
flected in the higher PM2.5 concentrations from the north (Fig. 3c).
The Kernville area then vented in the afternoon subjecting the
Kernville area to smoke exposure primarily between 5 am and 11
am (Fig. 4) with afternoon emissions from the fire lofted and
generally transported east over the Owens Valley. Highest hourly
concentrations at Kernville were in the unhealthy range. Hourly
concentrations of PM2.5 were normally lower at Kernville than
Johnsondale (Fig. 5) which was further up the Kern River drainage
and nearer to the Lion Fire. At Kernville, AQI was unhealthy for 10
total hours and 1 day (Table 2) and unhealthy for sensitive for 33
total hours and 5 days.

Smoke was transported from the Lion Fire to Johnsondale from
the east through the South Creek drainage with highest concen-
trations in the morning. Hourly and 24-h rolling concentrations at
Johnsondalewere typically highest in themorningwithmaximums
in the unhealthy category. Fifteen hours on 6 different days with 1
daily AQI of unhealthy occurred at Johnsondale and 19 h and 3 days
were unhealthy for sensitive (Table 2).

The nearest monitor was approximately 16.6 km southwest at
Camp Nelson. Camp Nelson was generally upwind of the fire as
smoke typically was blown east during the day and settled into
drainages east of Camp Nelson at night keeping concentrations
generally low punctuated by a few hours of very high concentra-
tions on 3 separate days. The Camp Nelson site recorded both the
highest hourly (376 mg me3) and highest daily (167 mg me3) mean
PM2.5 concentrations during the Lion Fire (Fig. 5) illustrating the
impacts of nearness to the emissions source. Camp Nelson had
hourly PM2.5 in the good category for some time during every day
monitored during the Lion Fire. For 2 h on 7/31/2011 hourly PM2.5
was very unhealthy. The 22 h of unhealthy occurred over 7 days
with 8 of those hours also occurring on 7/31/2011. On 7/31/2011
hourly PM2.5 was good for 10 h. AQI at Camp Nelson was very
Table 2
Estimated 98th percentile Particulate Matter less than 2.5 microns (PM2.5) for 2011 (3-yea
Impacts (AQI) arranged by distance from the fire.

Site 98th per. PM2.5

(mg m�3)
Mean PM2.5 mg me3

duringa fire (SDc)
Mean PM2.5 mg me3

afterb fire (SDc)
AQI

Good

Camp Nelson 28.0d 16.0 (31.1) 9.0 (7.1) 39 (1
Springville 37.7 (30) 18.9 (8.1) 13.2 (7.5) 0 (1
Johnsondale 35.0d 17.8 (26.9) 7.4 (6.6) 22 (1
Kennedy Meadows 17.6d 8.3 (10.5) 4.1 (4.8) 53 (1
Olancha 7.4d 6.2 (6.4) No Data 33 (8
Kernville 34.0 (23) 20.1 (24.5) 8.6 (6.6) 22 (1
Pinehurst 19.8 (19) 11.6 (5.8) 11.8 (7.0) 40 (1
Independence 14.8d 6.9 (9.5) No Data 41 (1
Trimmer 12.4d 8.6 (6.2) 9.7 (6.0) 56 (1
North Fork 12.2d 7.7 (6.4) 7.4 (6.6) 54 (1

a 7/9e9/7/2011.
b 9/8e11/7/2011.
c Standard deviation.
d 24-h average estimates using 5th highest daily mean.
unhealthy for 2 h, unhealthy for 14 h and 2 days, and unhealthy for
sensitive for 7 h and 2 days (Table 2).

At the Kennedy Meadows site, PM2.5 concentrations typically
are highest with winds from the west but were highest from the
south during the Lion Fire as smoke from the Kernville area was
transported up the South Fork of the Kern River. At Kennedy
Meadows, PM2.5 concentrations were moderate or good with 4 h
unhealthy for sensitive.

East side monitors in the Owens Valley at Olancha and Inde-
pendence reached maximums in the moderate category for PM2.5.

Central Valley sites in Bakersfield, Visalia, and Fresno were
moderate or good which is typical for this time of year in these
urban sites during the fire. These sites were similar to other sites
throughout the entire Central Valley.

3.3. PM2.5 compliance with federal standards

Although smoke impacts to mountain communities can be
ascertained through temporary event drive monitoring, this is at
best an incomplete assessment of public health impacts. To deter-
mine the impacts to public health from smoke in a fire and smoke
adapted ecosystem, it is necessary to have some understanding of
air quality over time. Federal air quality standards for PM2.5 are a
way to determine air quality in an area over time. Mountain com-
munities throughout the Sierra are located in areas where prior to
Euro-American settlement, smoke was present throughmost of the
summer. These areas are not typically monitored for routine air
quality because the populations are too small to warrant EPA
monitoring sites. With the ability of land managers to suppress fire
and fire becoming an inevitability that needs to be managed to
mitigate impacts, background levels of pollutants generated from
smoke must be incorporated into long term air management goals.

PM2.5 monitoring in Kernville from 2006 to 2012 have highest
concentrations typically coinciding with wind from the south and
southeast from Lake Isabella with typical transport likely up the
Kern River drainage from the Bakersfield area (Fig. 3a). Annual
three year mean (8.0e10.0 mg m3) and 98th percentile
(23e24 mg m3) concentrations of PM2.5 at Kernville have been
below federal standards since monitoring began in 2005 (Table 3).
Monitors at Springville and Pinehurst, also ran year round, showing
similar PM2.5 readings. This illustrates that PM2.5 in these areas is
typically lower than the Central Valley. Although these areas are in
federal and state nonattainment areas, the complications and
limitations of air quality monitoring over an entire air basin is clear.
Mountain communities of the Sierra Nevada have some capacity to
r mean), mean PM2.5 during and after the Lion Fire, and daily and hourly Air Quality

category number of days (number of hours)

Moderate Unhealthy sensitive Unhealthy Very unhealthy Hazardous

226) 13 (41) 2 (7) 2 (14) 0 (2) 0 (0)
386) 57 (29) 0 (1) 1 (0) 0 (0) 0 (0)
227) 31 (113) 3 (19) 1 (15) 0 (0) 0 (0)
431) 8 (19) 0 (4) 0 (0) 0 (0) 0 (0)
49) 1 (7) 0 (0) 0 (0) 0 (0) 0 (0)
230) 32 (118) 5 (33) 1 (10) 0 (0) 0 (0)
436) 20 (5) 0 (0) 0 (0) 0 (0) 0 (0)
111) 6 (24) 0 (0) 0 (0) 0 (0) 0 (0)
451) 2 (1) 0 (1) 0 (0) 0 (0) 0 (0)
385) 2 (2) 0 (0) 0 (0) 0 (0) 0 (0)



Fig. 3. Particulate Matter less than 2.5 microns (PM2.5) showing concentration by wind
speed and direction at the Kernville monitoring site for (a) all hourly data
(2006e2012), (b) hourly PM2.5 concentrations during the Lion Fire (July 9, 2014
through September 7, 2011), and (c) hourly PM2.5 concentrations mornings
(07:00e12:00) during the Lion Fire (July 9, 2014 through September 7, 2011).

Fig. 4. Modified boxplot (where the box is defined by the first quartile as the lower
edge of the box, second quartile (median) as the black line, and 3rd quartile as the
upper extent of the box, lower extent of data (minimum) are the horizontal lines below
the box (lower whisker), the upper extent are the largest data point less than 1.5 times
the interquartile distance (upper whisker), and outliers are represented by empty
circles) showing diurnal pattern of Particulate Matter less than 2.5 microns (PM2.5)
concentrations at Kernville during the Lion Fire (7/9e9/7/2011).
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allow for both some smoke impacts and still remain below federal
and state thresholds for PM2.5. The difficulties and challenges to
administer air quality regulations where fire and urban pollution
compete for use of the air basin are clear.

The concentrations of PM2.5monitored at Kernville are repre-
sentative of the higher elevation temporary sites set up to monitor
air quality during the Lion Fire. Other monitoring throughout this
area of the Sierra Nevada typically is similar to that at Kernville
unless there are localized smoke impacts. Post fire PM2.5 concen-
trations were similar between all sites once the smoke had sub-
sided. Kernville and the other monitors run over multiple years at
elevations above ~1,500 msl in the southern Sierra Nevada have
shown that annual PM2.5 concentrations are generally low (less
than 12 mg m3)with smoke impacts from wildland fire typically
producing the highest concentrations of PM2.5 during the summer
(Cisneros et al., 2014).
4. Discussion

4.1. Summary of PM2.5 and smoke impacts from the Lion Fire

Hourly PM2.5 concentrations during the Lion Fire (7/9e9/7) were
typically good regionally with unhealthy for sensitive days going to
near zero for sites in the Sierra Nevada out of the direct transport of
the smoke (Table 2). AQI for daily exposure to PM2.5 was generally
good or moderate throughout the fire with 4e6 days unhealthy for
sensitive or higher in the most impacted sites of Kernville, John-
sondale, and Camp Nelson (Table 2). Four unhealthy 24-h averages
were measured (1 at both Johnsondale and Kernville and 2 at Camp
Nelson). Three of these readings occurred on 7/31/2011 at the three
sites of Kernville (68 mg me3), Johnsondale (95 mg me3), and Camp
Nelson (138 mg me3) with the additional day at Camp Nelson
(63 mgme3 on 7/28). This was at the end of themost active period for
the fire where the average reported acres burned was over 660 ha
per day for the preceding week. Exceeding the unhealthy threshold
helps to illustrate the importance of transport and distance which is
particularly important when managing the lower emissions of a MF.
Camp Nelson, the closest site to the fire, was typically upwind of the
fire, but the nearness reduced the transport distance and the smoke
would be more concentrated. Therefore when smoke was present,
ground level concentrations of PM2.5 were higher than other moni-
toring sites due to less mixing and dispersion during transport.



Fig. 5. Hourly and 24-Hour Particulate Matter less than 2.5 microns (PM2.5) with Air Quality Index (AQI) breakpoints and reported daily and 7-day rolling fire size at Kernville,
Johnsondale, and Camp Nelson during the Lion Fire (July 9, 2011 through September 7, 2011).
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Johnsondale was in the predominant direction of smoke transport as
seen from the increased moderate and higher daily and hourly im-
pacts. Typical nighttime transport of smoke into and down the Kern
River drainage exposed the Kernville area to more smoke even
though this location was further away than many other sites thus
exposing the Kernville area to lower hourly concentrations but over
more hours.

Kernville, the only year round site that recorded smoke impacts
saw an increase in annual PM2.5 in 2011 of approximately 1 mg me3

from 2010 to 2009 but was .6 mg me3 lower than 2012. At Kernville,
the 2011 annual meanwas 8.1 mgme3 with a 3-year annual mean of
7.4 mgme3. Annual mean has been below the federal standard since
2008 with 3-year mean consistently below the standard. This is
similar to the other PM2.5 monitoring sites operated by the USFS in
the wildland urban interface of the western slopes of the Sierra
Nevada (Table 3). Annual mean PM2.5 at Kernville below the EPA
annual mean standard (12 mg me3) in 2011 when the Lion Fire
occurred and again in 2012 indicates the potential for a MF of this
size in this area to be conducted without causing violations to the
federal standards.

The federal standard (98th percentile) was not exceeded for
2011 (Lion Fire year) at any site. Springville, the only site where the
98th percentile estimate is above the 3-year standard, had only 1 of
the ten highest days occurring during the Lion Fire (Table 2)
showing the influence of anthropogenic impacts on this lower
elevation site nearer to the populated Central Valley. Most of the



Table 3
National Ambient Air Quality Standards (NAAQS) calculated for U.S. Forest Service year round monitoring sites.

Site 2012 2011 2010 2009 2008 2007 2006

PM2.5 (mg me3) annual mean (3-year mean)
Kernville 8.7 (8.0) 8.1 (7.4a) 7.2 (10.0a) 7 15.9
Pinehurst 7.9 (8.1) 8.0 (7.5) 7.9 (7.7) 6.2 (7.5) 9.1 (8.0) 7.2 7.8
Springville 9.7 (11.6) 14.1 (11.7) 9.1 (11.8) 10.0 (13.7) 16.2 (14.6) 14.8 12.8

PM2.5 (mg me3) annual 98th percentile (3-year mean)
Kernville 18.8 (23) 34.0 (23a) 17.3 (24a) 17.7a 36.3 34.9a 37.3a

Pinehurst 16.8 (18) 19.8 (19) 18.5 (24) 17.3 (25) 34.6 22.1 22.9a

Springville 31.9 (31) 37.7 (30) 21.1 (35) 28.6 (43) 54.9 (48) 44 44.1

a At least one quarter does not meet NAAQS requirement for number of valid daily averages.
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sites monitored for the Lion Fire did not go above the federal
standard for even a single day. Kernville, Johnsondale, and Camp
Nelson all had days (7, 6, and 3 respectively) above the 35 mg me3

annual standard from smoke. The federal annual 98th percentile at
Kernville for both the Lion Fire year of 2011 (34.0 mgme3) and the 3-
year mean (23 mg me3) were below the federal standard (Table 3).
PM2.5 exposure including sites with estimated 98th percentile all
remained below the federal standard for 2011.
4.2. Implications of wildland fire smoke

Wildland fire and subsequent smoke impacts have been an
evolutionary pressure in the Sierra Nevada that is integral to this
forest ecosystem. As people have moved into this area, smoke im-
pacts to human health have become a pressing political issue.
Historic wildfire suppression has erased the cultural memory of fire
and smoke in this area leading regulators and the general public to
have little tolerance to smoke and unrealistic expectations for
continued suppression of fire in the face of climate change and
unnatural fuel loading. Additionally, because smoke can be sensed
at low levels, any smoke in this area leads to the assumption that air
quality has been hazardously compromised. Although emissions
from wildland fire undoubtedly have adverse impacts to human
health during a fire, there has been little interest in future impacts
to air quality and public health through fire suppression. Because
weighing beneficial impacts to air quality from a healthy forest
ecosystem is difficult, it is typically ignored for event driven reac-
tionary land and air management. This strategy is likely leading to a
less healthy and resilient Sierra Nevada ecosystem (Miller, 2012)
which is more susceptible to other stressors such as climate change
which in turn may lead to larger more intense fires. Additionally,
the current excessive fuel loadings will produce increased emis-
sions and smoke impacts when burned. Fuel loads can be expected
to increase unless the use of fire is increased leading to the possi-
bility that smoke in the future will significantly impact large por-
tions of the region including the heavily populated Central Valley
when this area inevitably burns.

The Sierra Nevada is further restricted by current air regulatory
policy and alignment. While areas throughout the Sierra Nevada
(similar to sites in this study) are likely in attainment of federal
PM2.5 standards (Cisneros et al., 2014), these areas, in the regulatory
environment, are in a non-attainment area. Fire in any portion of a
non-attainment area will necessarily be under greater scrutiny for
any emissions with current air quality, even at distant sites with
little to no impacts from the fire, anywhere within the air basin
being the primary factor for MF decisions. Regulators will find it
difficult or impossible to consider long term consequences and
impacts to air quality when air quality standard is being exceeded
in the Central Valley urban areas of the air district.

Smoke from the Lion Fire impacted air quality both visibility and
public health as was apparent in the high hourly concentrations
and over a month of some levels of smoke in many areas, but in
regard to current federal standards for annual (12 mgme3) and 98th
percentile (35 mg me3), Kernville (and likely much of the sur-
rounding area) were in compliance. Without an increase in
anthropogenic emissions in this area, a fire of the size and intensity
of the Lion Fire could be allowed to progress naturally every three
years with little chance of exceedance of federal regulatory stan-
dards for PM2.5 in the Kernville area. The relatively few days and
hours of unhealthy AQI during the Lion Fire can be contrasted to the
McNally Fire. The McNally Fire was a full suppression high intensity
fire in this area of the Sierra Nevada in 2002. Smoke from the
McNally Fire impacted the Owens Valley (Cisneros et al., 2012). Fire
of this magnitude and intensity and the subsequent increased
emissions can be expected to increasingly impact large urban
centers if smoke emissions are not managed more efficiently.
Timing and quantity of smoke emissions have no opportunity to be
managed during a high intensity wildfire in the Sierra Nevada.
Options to control or mitigate smoke impacts from the large high-
intensity Rim Fire (2013 e Stanislaus National Forest and Yosemite
National Park) were virtually non-existent. High intensity fires with
full suppression send large amounts of smoke long distances
impacting a much more extensive and populated area.

Smoke causes amyriad of impacts to human health. Suppression
policies appear to not only be moving these impacts to future
generations but with increased fire size and intensity smoke im-
pacts can be expected to have increasing mortality impacts and the
associated social cost (Kochi et al., 2012). PM2.5 air quality impacts
from the Lion Fire were primarily moderate or good using current
thresholds, showing the potential for mitigating future impacts
from a larger more intense fire usingMF. Additionally, with a return
to the natural fire regime in the Sierra Nevada more typical of the
size and intensity of the Lion Fire there is the potential to use MF to
control both the timing and amount of smoke to adhere to present
federal air quality standards.

Smoke fromfirewill beexperiencedbypeople livingor recreating in
the Sierra Nevada. Only the timing, extent, and intensity of smoke
exposure can reasonably be managed. Air quality impacts from emis-
sions from the Lion Fire were under current NAAQS for PM2.5.
4.3. Policy recommendations

More case studies are necessary to understand the complex
interaction between fire emissions and public health in the Sierra
Nevada. The Lion Fire illustrates that while there were no violations
to the annual federal PM2.5 standards, smoke exposure to a small
proportion of the public did occur which likely impacted public
health (Delfino et al., 2009), particularly for sensitive groups (Elliot
et al., 2013). Thus, managing a fire of this magnitude and intensity
in the Sierra Nevada is possible without extreme smoke impacts
typical of large high intensity suppression fires.
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Current policy and regulatory enforcement is designed to
concentrate protection on immediate impacts. This works well
with anthropogenic emissions but is in effect pushing the onerous
impacts of smoke exposure to subsequent years. Fuel loading, in-
creases in wildland urban interface, and climate change are coa-
lescing to limit the proactive use of fire for ecological and thus
public health benefit. Fire managers are near to having no alter-
native but to be reactive to fire which will limit their effectiveness
to control emissions.

Although satellite imagery, dispersion models, other products
designed to evaluate potential smoke impacts are useful tools (Price
et al., 2012), they typically over-predicted the ground level con-
centrations and extent during this event leading to an increased
perceived risk of smoke exposure (Fig. 2). These tools should be
used with caution for projecting real ground level concerns about
air quality for smaller fires in complex terrain such as the Sierra
Nevada and should not be substituted for ground based measure-
ments if at all possible.

A large high intensity fire in the Sierra Nevada, the McNally Fire
in 2002, impacted a much larger area and caused federal standards
to be exceeded (Cisneros et al., 2012). During the McNally Fire,
monitoring for coarse particulate matter (particulate matter less
than 10 microns in diameter) recorded concentrations that were in
the hazardous range. A large high intensity fire in this area has the
potential to increase public health impacts to local communities,
the Owens Valley, and the Central Valley. Current policy should be
altered to encourage fire of historic size and intensity to be
managed in the Sierra Nevada even during times of poor air quality
in the Central Valley. Future emissions potential including consid-
ering emissions from large high intensity fires and the increased
impact to public health should not be ignored. Failure to confront
this difficult air quality conundrum necessarily leaves the impacts
to future generations. Management of naturally occurring fires
during advantageous meteorological and ecological conditions
should be prioritized to limit future air quality impacts.

Managing smoke impacts from fire on a landscape level in the
Sierra Nevada is a complex policy problem. A possible scenario
under current air quality conditions would be to manage PM2.5 to
remain below current federal thresholds. This would provide policy
managers the opportunity for managing smoke emissions and
consider current and future levels of exposure possibly cycling MFs
into and out of an area over multiple years to provide landscape
level forest restoration while exposing the public to years with and
without MF. Fire size can also be managed more easily during a MF
possibly managing total area burned where feasible to take
advantage of good dispersal days. Smoke impacts were difficult to
determine from the reported burn area. This is possibly due to the
difficulty of timely estimating the area during a fire. Reported
hectares were a poor indicator of localized smoke impacts but
impacts typically went over unhealthy for sensitive at the moni-
toring sites when more than 300 ha were reported for the day. The
7-day rolling average of hectares burned (Fig. 5) was a better pre-
dictor of PM2.5 impacts (r2¼ .34). This likely was because the longer
average helped to reduce the error in reported fire size and also
included some matrix for areas still burning and is an area that
needs additional research. Considering fire size and duration has
the potential to be a simple way to create trigger points where a
progressive program of outreach could protect the public from
smoke exposure during a fire.

5. Conclusions

Managing smoke from wildland fire is complex with no simple
way to approach the myriad of decisions required. Quantifying
impacts to air quality from a smoke event help to inform these
decisions. The smoke from large high intensity fires, because of
their widespread and highly detrimental impacts to air quality and
public health are the focus of much of the current research. These
fires were not typical and are a product of anthropogenic activities.
Smoke impacts from wildland fire the size and intensity typical of
the ecosystem such as the Lion Fire are not well documented.
Without this understanding, smoke regulatory agencies necessarily
must take a conservative approach where impacts must be pre-
dicted and assumed to be as widespread and intense as a large high
intensity fire. Measured smoke impacts from the Lion Fire suggest
this should not be the assumption.

Smoke from the Lion Fire was present for 1e2 months in small
rural and mountain communities close to the fire in the Sierra
Nevada. There were impacts to air quality, particularly to sensitive
groups that must be mitigated if future fires of this size are allowed
to burn. Impacts for the Lion Fire were localized and below federal
thresholds for PM2.5 at sites closest to the fire. PM2.5 concentrations
at urban sites in the Central Valley remained low and typical of
other years without fire throughout the fire duration. Smoke from
the Lion Fire did not appear to impact PM2.5 at Central Valley sites.
PM2.5 concentrations were found to be below federal and state
standards for air quality at all monitoring sites during the Lion Fire.

The potential exists to manage fire at the intensity and extent
historically seen in the Sierra Nevada while risks to public health
from smoke are minimized with air quality impacts held below
regulatory standards. This opportunity to manage smoke by miti-
gating public health impacts to federal regulatory standards also
provides a framework for assessing the tradeoff between short- and
long-term impacts of smoke to public health through assessing
smoke impacts over 1e3 years instead of only considering hours or
days. Recognizing and mitigating short term exposure, particularly
to sensitive populations is obviously essential but should not be the
only factor considered in this complex decision. Wildland fires
should not all be treated the same where the avoidance of short
term smoke impacts are the only consideration. Avoidance of major
air quality impacts from large high intensity fire and future public
health benefits of allowing some emissions must be considered.
Policy needs to allow flexibility to manage air quality impacts from
a fire the size and intensity of the Lion Fire historically experienced
in the Sierra Nevada including allowing wildland fire at times of
poor air quality in the Central Valley. Allowing smoke events of this
magnitude has potential to reduce regional smoke impacts to air
quality.
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