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ABSTRACT

Background. Efforts to mitigate the adverse effects of wildfire smoke have focused on modifying
human behaviour to minimise individual exposure, largely accomplished by providing smoke
forecasts, monitoring, and consistent public messaging. Aims. To identify a strategy to reduce
the amount of wildfire smoke in frequently impacted communities. Methods. We identify
frequent air pathways that transport smoke into five communities in south-western Oregon.
We present a case study comparing the potential change in the 24-h average PM2.5 concentration
between fuels burned during a wildfire which are and are not treated prior to the incident.
Key results. The concentration of PM2.5 would have decreased by 41% if fuel treatments
occurred just prior to the wildfire. Of six vegetative strata, canopy, wood, and ground fuels
contributed 88% of the total PM2.5 emissions, with shrub, herb, and lichen/litter/moss strata
comprising the remaining 12%. Conclusions. Fuel treatments can substantially reduce smoke
emission from subsequent wildfires and if located in consideration of meteorological patterns,
these fuel treatments can reduce ambient concentrations of PM2.5. Implications. Fire and land
managers can use the frequent air pathways and focus fuel treatments on the fuel beds and
vegetative strata with the greatest potential to emit smoke during wildfires, to reduce the duration
and concentration of wildfire smoke in frequently impacted communities.

Keywords:
smoke, source apportionment, vegetative strata.
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Introduction

Fire frequency and area burned in the western United States have been increasing at near
exponential growth since 1950 (Weber and Yadav 2020), and in the Pacific Northwest
since 2000 (McClure and Jaffee 2018; Wilmot et al. 2021). Large and severe fires in the
Pacific Northwest are associated with warm and dry conditions, and such conditions will
likely occur with increasing frequency in a warming climate (Wimberly and Liu 2014;
Halofsky et al. 2020).

Smoke exposure is an inevitable side effect of wildfires and is an important public
health concern (Liu et al. 2016a). Here, we define a wildfire as any fire resulting from an
unplanned, unauthorised, or accidental ignition that occurs in vegetation or natural fuels.
Smoke from vegetative burning contains a combination of particulate matter (PM) and
gases, some of which are harmful to human health (National Wildfire Coordination
Group 2020). Particulate matter less than 2.5um in diameter (PM2.5) is the primary
pollutant of concern in wildland fire smoke and is the pollutant most frequently mon-
itored by government agencies to help protect public health. Exposure to wildfire smoke
can produce both short-term and long-term health effects, which are well documented
(National Wildfire Coordination Group 2020). Smoke is not only harmful to human
health, but can affect sporting events, travel, tourism, local economies, transportation,
and wineries (Oregon Forests Resources Institute 2018).

Efforts to reduce the adverse effects of wildfire smoke on human health have been
focused on responding to large wildfire incidents through coordinated efforts amongst
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government agencies. For example, the Interagency Wildfire
Air Quality Response Program (https://wildlandfiresmoke.
net) trains and provides Air Resource Advisors (ARAs) to
incidents, as requested through the Interagency Resource
Ordering Capability (IROC). ARAs provide smoke forecasts,
monitoring, and assist with public messaging. Additionally,
they can provide smoke impact analyses of various control
options being considered by fire managers during an inci-
dent such as burn-out operations.

Additionally, many states also have coordinated efforts
between air pollution control agencies, smoke forecasters,
public health agencies, transportation agencies, emergency
management agencies, land management agencies and others
to provide information to help individuals modify their beha-
viour to reduce smoke exposure. Options for personal action
to reduce exposure to wildfire smoke include evacuation,
staying indoors, limiting physical activity, air filtration, and
wearing respiratory protective devices (respirators, a.k.a.
‘masks’). Each of these interventions has important limitations
and may have unintended adverse effects (Laumbach 2019).

Fuel treatments on public lands are a means of achieving
a resource objective; e.g. ecosystem restoration, mainte-
nance, reducing wildfire risk, etc. Prescribed fire is often
used as part of a fuel treatment to reduce down-dead wood
(hereafter referred to as wood), shrubs, herbs, duff, and to
raise canopy base height. However, smoke from prescribed
burns can cause public health impacts if not managed to
keep smoke out of communities. In Oregon, prescribed
burns are subject to the Oregon Smoke Management Plan
(Oregon Administrative Rule 629-048 2019), in which all
planned burns must comply with daily instructions. These
instructions are written by the State Smoke Forecasters,
based upon burn location, size, and distance to a downwind
community and are intended to keep smoke below thresh-
olds concentrations to protect the most sensitive individuals
in a community. Because of the protections offered by the
state smoke management plan for prescribed burning, and
the lack of regulatory restrictions on wildfire smoke, this
study is focused solely on the smoke impacts from wildfires.

Recently, there has been much attention focused on
reducing wildfire risk, including a 10-year strategy by the
USDA Forest Service to confront the wildfire crisis (USDA
Forest Service 2022). This strategy implies that reducing
wildfires will also decrease smoke. Implementation of this
plan will be determined at the local level. However, without
an understanding of where the smoke originates, the hopes
of reducing smoke in frequently impacted communities
remain less than ideal. Additionally, disproportionate health
impacts may occur from wildfire smoke without considera-
tion of the differences in smoke exposure, individual sensi-
tivity and susceptibility to harm, lack of capacity to cope
and adapt, and access to resources needed to effectively
reduce individual exposure (D’Evelyn et al. 2022).

Here, we use a novel approach that models the
frequent pathways of air movement into five communities
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in south-western Oregon during the summer wildfire season.
Then, we selected a case study to: (1) determine which fires
contributed to the high concentrations of PM2.5 in an affected
downwind community; and (2) evaluate how much air quality
could be improved in this community if the fuels within one of
these fires, which lie along a frequent air pathway into the
community, were treated with the intention of decreasing
smoke during a subsequent wildfire. We specifically evaluated
which vegetative stratum emitted the most smoke during a
wildfire and present the model-predicted change in emissions
and associated air quality resulting from the treatment. After
presenting the results, recommendations for fire and land
managers are discussed, which can help reduce the concen-
tration and duration of smoke in affected communities during
an active wildfire season.

Methods

Study area and study period

The Rogue Basin of south-western Oregon is characterised
by steep rugged terrain, separated by extensive rivers, forested
landscapes, vast public lands, and small and medium size towns
(Fig. 1). The area is bordered by the Cascade Mountains to the
east, the Pacific Ocean to the west, the Rogue-Umpqua Divide
to the north and the Siskiyou Mountains, along the California
border, to the south. The Rogue River, which transects the
basin, begins high in the Cascade Mountains near Crater Lake
National Park, and flows 346 km west to where it meets the
Pacific Ocean. Elevations range from 2816 m at the top of
Mt. McLoughlin in the Cascade Mountains down to sea level.
Historically this geography was dominated by a frequent fire
regime, due in part to intentional fire management by
Indigenous peoples, which was disrupted by Euro-American
colonisation and fire exclusion practices beginning in the
1850s (Sensenig et al. 2013; Metlen et al. 2018).

The following population centres within the study area
have permanent air quality monitors: Shady Cove (popula-
tion 3080); Grants Pass (population 37 545); Medford (pop-
ulation 81 145); Ashland (population 21 056); and Cave
Junction (population 2479).

This geographic area was chosen as the study area because
of the relatively high frequency of smoke caused by wildfires.
During the period of 2015-2019, the area experienced an
average of 10-16 days per year with air quality greater than
or equal to the EPA Air Quality Index Value of 100 (here on
referred to as ‘unhealthy days’), with a maximum of 43 days,
which occurred in Shady Cove in 2018 (https://oraqi.deq.
state.or.us/report/SingleStationReport). This geography is
among the most impacted by wildfire smoke in the Pacific
Northwest both under current and projected climate change
(Liu et al. 2016b). The study period of 2015-2019 was
selected because of the availability of high-resolution
meteorological modelling data needed for the modelling
analysis and concurrent daily air quality monitoring data.
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Fig. 1. The Rogue Basin study area.

Air pathways into communities

Air pathways into communities were identified using the
NOAA READY HYSPLIT model (Draxler and Hess 1997,
1998; Draxler 1999; Stein et al. 2015; Rolph et al. 2017).
To capture the air flow in the complex terrain of the study
area, HYSPLIT was run with the HRRRv1 3 km meteorologi-
cal data, which was the highest spatial resolution meteoro-
logical data available from the NOAA file transfer protocol
site (ftp://ftp.arl.noaa.gov/pub/archives). For each of the five
communities modelled, a 36-h back-trajectory was created
four times a day, at 6-h intervals to capture diurnal variation
in the air flow. The model was run for each day between
15 July and 30 September for each of the 5 years in the study
period. Each trajectory was initiated at the coordinates of the
air quality monitor in the community, at 100 m above the
surface. The starting height was selected to characterise
the breathing height of individuals, capture air, which could
mix down to the surface during a well-mixed boundary layer
typical of a summer afternoon, low enough to capture noc-
turnal topographic drainage flows, but not so low as to have
frequent impaction of back-trajectories into the terrain.

Post-processing of the model output was necessary to dis-
play the back trajectories in a geographic information system
so that it could be overlain with other meaningful information
such as landownership, vegetation type, fire perimeters, etc.
The shapefile output files from the HYSPLIT runs were
imported into ArcGIS (https://www.esri.com/en-us/home),
where the trajectory points were converted to lines using a
Forest Service (FS)-developed Python script. The lines were
then merged into a single shapefile. The Line Density tool was
then used to create a raster image of the density of linear
features within the neighbourhood of each grid cell. The grid
density and search radius were each set to the equivalent of
the meteorological horizontal grid resolution and converted to
the GIS layer projection. This method is similar the TrajStat
model (Wang et al. 2009).

Targeted fuel treatments

A case study is presented to quantify the expected change in
the 24-h average concentration of PM2.5 during a wildfire
smoke episode in an affected community, where a wildfire
occurred within the frequent air pathway of one of the five
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communities in the study area. The 24-h concentration of
PM2.5 from emissions of the wildfire(s) was compared from
two scenarios: (1) one where the fuels are not treated before
the fire; and (2) one where the fuels are treated.

Case study selection

The day with the highest 24-h concentration of PM2.5 from
the most-frequent smoke-impacted community in the study
area, Shady Cove, was selected for the case study. The PM2.5
data was collected from a site operated by the Oregon
Department of Environmental Quality, which performed
quality assurance and quality control measures before dis-
seminating the data.

Source apportionment

A source apportionment analysis was conducted to deter-
mine which fire(s) contributed to the daily-average PM2.5
in Shady Cove on the case study day. Potential sources of the
observed PM2.5 in the case study community were deter-
mined through inventorying and filtering fires that were
actively burning on the landscape that day. An initial
list of wildfires that could have caused the smoke was devel-
oped by querying the Spatial Wildfire Occurrence Data for
the United States (Short 2021). The query was used to
identify all fires, greater than 40 ha, which were actively
burning on the landscape the day of the case study or the
day before, and were in Oregon, California, or Nevada.

The list of potentially culpable fires was further reduced
based upon hourly HYSPLIT back-trajectories for that day.
Fires that were not located near the trajectory lines were
eliminated as a potential source. The remaining fires were
then examined for daily fire activity using records available
from the National Fire Incident Command (NIFC) incident
specific database (https://ftp.wildfire.gov/). The relative
contributions to the model-predicted 24-h concentration of
PM2.5 were then determined using the HYSPLIT dispersion
model with archived HRRR ver. 1 3km meteorology. For
each fire, the model-predicted 24-h average concentration of
PM2.5 was determined for Shady Cove by modelling each
fire individually. The relative amount of PM2.5 attributed to
each source was calculated based upon each fire’s contribu-
tion to the total modelled concentration.

Emissions calculations

The Fuel and Fire Tools (FFT) ver. 2.0.2017 software applica-
tion was used to characterise fuel loads, calculate fuel con-
sumption, and calculate emissions of PM2.5 (https://www.fs.
usda.gov/pnw/tools/fuel-and-fire-tools-fft). The FFT software
contains both the Fuels Classification and Characterisation
System (FCCS) and CONSUME models. FCCS characterises
fuels for six vegetative strata: the canopy (and understorey),
wood, shrubs, herbs, lichen/litter/moss (LLM), and ground
fuels (i.e. duff and squirrel middens). CONSUME calculates
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Table I. Fuel and fire tools environmental inputs.

Fuel classification and Value Consume Value

characterisation parameter

parameter

Herbaceous fuel moisture 60% 1000-h fuel 10%
moisture

Shrub fuel moisture 90% Duff moisture 50%

Crown fuel moisture 60% Litter moisture 50%

I-h fuel moisture 5% Shrub 50%
consumption

10-h 6% Canopy 50%
consumption

100-h 7% Pile consumption 100%

Slope 25% Season Summer

Wind speed 0.9 m/s

fuel consumption and emissions of several air pollutants,
including PM2.5. Fuel moisture and wind speed conditions
needed by FFT were determined from the nearest represent-
ative Remote Automatic Weather System (RAWS) data
and Fire Family Plus v5 (https://www.firelab.org/project/
firefamilyplus). Table 1 presents the environmental inputs
which were used in in the FFT model runs.

The FFT model was run for both the untreated fuels and
treated fuels scenarios to calculate emissions. For both scenar-
ios, the percentage of each fuel bed within the fire perimeter
was determined using spatial analysis within the fire perimeter
on the day of the case study and assigned within FFT.

Several vegetative data sets were considered to represent
the fuel loads on the landscape when the fire burned through
the landscape, including the Forest Inventory and Analysis
(FIA) plot data (USDA Forest Service 2021a; https://www.
fia.fs.fed.us/), Common Stand Examination (CSE) data main-
tained in the Field Sampled Vegetation (FSVeg) database
(https://www.fs.fed.us/nrm/fsveg/), model-predicted vege-
tation data derived using the Fire and Fuels Extension of the
Forest Vegetative Simulator (USDA Forest Service 2021b),
and the Fuel Characterisation and Classification System
(FCCS) data (McKenzie et al. 2007; Ottmar et al. 2007). All
these vegetation data have their strengths and limitations.
Based upon conversations with the forest fuels specialist,
forest ecologist and a regional biometrician (S. Billings,
D. McMahon, and T. Bryant, pers. comm.), it was agreed
that the FCCS data was the best choice for the comparing the
relative differences between smoke emissions from two
scenarios. This decision was based upon the: (1) very-limited
plot or stand exam data within the fire perimeter; (2) known
inaccuracies associated with predicting fuel loads between
plots (Pierce et al. 2009); and (3) the availability of recent
FCCS data just prior to the case study fire.

The FCCS default fuel loads were assumed to be represent-
ative of untreated fuels. Fuel loads were modified (Table 2) to
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Table 2. Modifications to fuel bed vegetative strata.
Vegetative Sub-category Modification
strata
Canopy Tree overstorey Reduced canopy by 15%,
no changes in density
Tree midstorey and Reduce density and
understorey cover by 50%
Snags No changes
Ladder fuels Eliminated
Wood I, 10, and 100-h Reduce fuel load by 60%
d
(sound) 1000, 10000, and Reduce fuel load by 50%
>10000-h
Wood 1000, 10000, and Reduce fuel load by 60%
(rotten) >10000-h and stumps
Shrub Primary and secondary Reduce cover by 50%
Herbs None Reduce cover by 50%
Litter® None Reduce coverage by 40%
Duff® None Reduce depth by 40%

ALitter is part of the lichen/litter/moss (LLM) stratum.
BDuff is part of the ground stratum.

represent the treated fuels scenario. The reduction in loading
of each vegetative strata was based upon recommendations
from the forest fuels specialist, forest ecologist and regional
biometrician (S. Billings, D. McMahon, and T. Bryant, pers.
comm.). The target reductions in fuel loads are generally
representative of prescribed fire treatments in western forests
within the Cascade region with a mixed severity fire regime.

Air quality concentrations

Due to the many known challenges with accurately model-
ling downwind concentrations of air pollutants from wild-
land fire (Liu et al. 2019; Peterson et al. 2022), a simple
approach was selected to estimate the change in downwind
concentrations based upon changes in emissions. The pre-
dicted 24-h average concentration of PM2.5 from the treated
fuels scenario was determined by scaling the observed con-
centration of PM2.5 by the ratio between the model-
predicted emissions from the untreated fuels scenario and
the treated-fuels scenario. This assumes that the plume rise,
meteorology, and atmospheric chemical transformations are
the same between the two scenarios.

Results

Frequent air pathways

Fig. 2 illustrates the relative frequency of air pathways into
five communities within the Rogue Basin during the study
period. Because all the trajectory lines merge into the origin,

this is always the grid cell with the highest frequency of
occurrence. However, with increasing distance from each
community, unique trajectory patterns are observed.

There are some similarities and differences amongst the
air pathways into these communities. The air pathways into
Shady Cove, Medford, and Ashland all show a predominant
flow from the north-west, with Shady Cove and Medford also
showing flow from the north-east, along the upper Rogue
River. Grants Pass and Cave Junction both show frequent air
flow from the north. Medford, Ashland, Grants Pass, and
Cave Junction all show frequent air flow from the south-
west, along the Highway 199 corridor. Air pathways that
occur less than 3% of the time are not shown. Although
smoke is transported from northern California into south-
western Oregon, this pathway is not apparent because it
occurs far less frequent than the shown pathways.

Case study source attribution

The date 2 August 2015 was selected for the case study
because it was when Shady Cove experienced the highest
24-h average concentration of PM2.5 in the 5-year study
period. On this day, the PM2.5 monitor in Shady Cove mea-
sured a 24-h average concentration of 295pug/m>. Source
apportionment modelling demonstrated that two wildfires
contributed to the total PM2.5 concentration on this day:
(1) the Stouts Creek Fire; and (2) the Cable Crossing Fire.
Both fires were located within the frequent air pathways into
Shady Cove (Fig. 3). The Stouts Creek Fire started on 30 July
2015 and was located 32km northwest of Shady Cove.
By 2 August 2015, the fire had grown to approximately
4330 ha. The Cable Crossing Fire started on 28 July 2015
and was located 77 km north-northwest of Shady Cove. By
2 August 2015, at the fire had grown to 677 ha. The
modelled contribution from the Stouts Creek fire was 90%
of the 24-h average concentration of PM2.5 in Shady Cove
(0.9 x 295 = 265.5 ug/m>). The remaining 10% of the total
observed PM2.5 concentration in Shady Cove was due to the
Cable Crossing Fire (0.1 X 295 ug/m> = 29.5 ug/m>).

Fuel beds and vegetative strata

Four fuel beds comprised 90% of the total area within the
Stout’s Creek Fire perimeter on 2 August 2015; no other fuel
bed represented more than 2%. To simplify the analysis, the
relative percentages of the four fuel beds were recalculated
assuming these comprised 100% of the area. Table 3 pres-
ents the FCCS description of fuel beds which were identified
within the fire perimeter and the percentage of each fuel bed
within the perimeter.

Emissions

Fig. 4 illustrates the emission rate on a per hectare basis for
each fuel bed and vegetative strata, for both the untreated
(u) and treated (t) fuels scenario. Before and after treatment,
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Junction (e).
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Table 3. Fuels classification and characterisation system fuel beds within the stouts creek fire perimeter.

FCCS fuel Percentage of FCCS fuel bed description

bed number total area

2 20 This is an example of old-growth forest found in the temperate coastal range west of the Cascades Range in Oregon
and Washington. Douglas-fir is often dominant with codominant western hemlock and western red cedar.

9 7 Douglas fir dominated second-growth mesic-mixed-conifer forests of the west side of the Cascade Range in
Washington and northern Oregon. This fuel bed represents stands that were clear cut 40-60 years previously.

16 6l Mixed forest of Jeffery pine, ponderosa pine, and California black oak are common throughout the Sierra Nevada.
These stands are maintained by periodic under burning. This fuel bed has not been burned for more than 50 years
and has a midstorey and understorey dominated by shade-tolerant conifers such as white fir, Douglas-fir, and incense
cedar.

38 12 This fuel bed represents mature mixed evergreen forests dominated by Douglas-fir, tanoak, and madrone occurring

along the Pacific coast from southern Oregon to California at low to moderate elevations (sea level to 1372 m).
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Fig. 5. Total particulate matter less than or equal to 2.5 ym emis-
sion rates for untreated (u) and treated (t) fuels.

fuel beds 2 and 9 had substantially larger unit emission rates
than fuel beds 16 and 38. As such, these fuel beds had the
greatest potential to reduce smoke from subsequent wild-
fires after a treatment, on a per hectare basis. However, fuel
bed 9 only accounts for 7% of the total area and fuel bed
16 accounts for 61% of the total area. Thus, both the
emission rate per area and percentage of total area needs
to be considered when identifying the greatest potential for
emission reductions from a fuels treatment.

Fig. 5 combines these two considerations (emission rate per
area and percent total area of each fuel bed) by illustrating the
total PM2.5 emissions before and after the fuel treatment. The
fuel treatment resulted in a change in PM2.5 emissions from a
total of 2744 Mg before treatment to 1506 Mg after treatment,
which is a 45% reduction in emissions. FCCS fuel bed 16 and 2
emitted the most PM2.5 both before and after the fuel treat-
ments. On average, the canopy, wood, and ground fuels com-
bined contributed 88% of the total PM2.5 emissions, whereas
the shrub, herb, and LLM strata only contributed 12% of the
total PM2.5 emissions. The largest reduction in PM2.5 emissions
occurred in FCCS fuel bed 16 and 2, primarily due to the change
in wood and ground strata. These two strata alone accounted for
74% of the total reduction in PM2.5 emissions (i.e. wood
accounted for 48% and the ground fuels accounted for 26%).

Impacts of fuel treatments on air quality

The total observed 24-h average concentration of PM2.5 in
Shady Cove on 2 August 2015 was 295 ug/m>, which is
associated with the emissions from the burning of untreated
fuels. Assuming that the fuels from the Stouts Creek Fire
were treated just prior to the fire, the calculated 24-h aver-
age concentration of PM2.5 would have been 162 ug/m?, if
this fire was the sole contributing source, as shown below.
This would have resulted in a 45% reduction in the observed
concentration of PM2.5 on this day.

C = (1505927 kg x 295 ug/m>)/2 744 234 kg
C = 162 ug/m°
However, this value must be adjusted to account for the
contribution of the Cable Crossing fire, which contributed
29.5 ug/m? (i.e. 10% of the total observed PM2.5 concen-
tration). Adding the contribution from the Cable Crossing

Fire, the revised estimated concentration of PM2.5 in Shady
Cove would have been 175 ug/m> as shown below:

C = 162 ug/m3 + 29.5 ug/m3 = 175.2 pg/m?
This is equivalent to a 41% reduction in smoke.
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Discussion

Frequent air pathways into communities provide critical infor-
mation needed to reduce the duration and concentration of
smoke into communities frequently impacted by smoke from
wildfire smoke; i.e. they show the relationship between
the source of the smoke and the community that receives
the smoke. The pathways can help fire managers reduce the
duration of wildfire smoke in a community through priority
allocation of firefighting resources during wildfire season.
When fires begin within a frequent air pathway for a commu-
nity, fire leadership can consider this information in several
ways. If the fire is likely to be of long duration and lying within
the footprint of a frequent air pathway into a community, it is
likely that the community will experience long periods (e.g.
weeks to more than a month) of wildfire smoke. This informa-
tion could be considered when allocating resources to both
initial and extended attack. Extra resources can limit the
extent and duration of a wildfire, and the associated smoke,
which may be critically important in communities where
hospitals and other health care resources are at or near
capacity, as occurred during 2020-2021 COVID pandemic.

The frequent air pathways can help land managers reduce
the concentration of PM2.5 and other pollutants emitted by a
wildfire in a community by prioritising where fuel treatments
are conducted and how they are conducted. The case study
demonstrated the potential benefit to community air quality
when a fuel treatment, within the footprint of the frequent air
pathway, interacted with a wildfire. The air quality concen-
tration in the downwind community could have been reduced
up to 45%. The advantage of displaying the frequent air
pathways in a GIS format allows land managers to overlay
this information with other GIS layers associated with fire
probability, fire regime, vegetation condition, class, topogra-
phy, and other information needed to decide where to place
fuel treatments.

The air pathway maps may also be helpful to Air Resource
Advisors, air quality agencies, and public health officials to
help inform the public of the likely duration of smoke
impacts into a downwind community should a wildfire
occur within a frequent air pathway. If the wildfire is likely
to be of long duration, in the absence of transient weather
systems, the smoke from the wildfire is likely to cause long
periods of smoke in downwind communities. Rather than
just providing a 24-48h forecast of smoke, these profes-
sionals now have a tool to help advise the public of a long-
duration smoke event. With this information, the public can
make a more informed decision about whether to leave the
area or stay and municipalities can make informed decisions
about opening clean air shelters.

The analyses techniques in identifying frequent air path-
ways have other applications outside of this study. For exam-
ple, they can be used to identify potential areas of influence
for sources of air pollution as causing high concentrations of
pollutant deposition, regional haze, or toxic air pollution. One
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need only modify the selected period to model, the meteoro-
logical model that generates the data, or length of back-
trajectories suitable to the application of interest. Many such
examples are available on the HYSPLIT website (www.arl.
noaa.gov/hysplit/).

The case study also revealed differences in the emissions
potential amongst different fuel beds and vegetative strata
that could be used to design fuel treatments. These insights
could be used to reduce smoke emissions and downwind
impacts from subsequent wildfires during the planning
stages of land management activities, should a desired con-
dition be identified upfront.

Consider a situation in which a desired condition was
identified in the planning process to have 50% less smoke
during wildfires in downwind communities as compared to
current conditions. For the case study presented, this would
result in a slight increase in the reduction of canopy fuels,
wood, and/or ground fuels over what was prescribed. Such
an objective would likely substantially reduce the risk to
human health to people who live and work in communities
frequently impacted by wildfire smoke. Of course, there are
competing objectives which may need to leave these strata
in place. For example, to maintain habitat for wildlife, a
silvicultural prescription may require that 80% of the
1000-h fuels remain in place. However, other fuel strata
may be reduced to compensate for the smoke emissions
from the 1000-h fuels, and still meet the objective of reducing
wildfire smoke in downwind communities.

Limitations

There are several limitations of the frequent air pathways
that result from the limitations of the underlying meteoro-
logical forecast data, model input parameters, and display of
information. Certainly, smoke may be transported from areas
outside of the frequent pathways with the passage of tran-
sient weather systems. Also, because the back-trajectories are
only for 36-h, they do not capture smoke from fires far away
from the impacted communities. The 36-h time frame was
deliberately selected to focus on local solutions to frequent
smoke impacts. Additionally, should seasonal weather pat-
terns differ from the patterns captured during the study
period, the frequent pathways may not be representative of
those conditions. Finally, air flow patterns may not be cap-
tured by the resolution of the meteorological forecast data
such as within narrow valleys. Thus, users are cautioned to
interpret the air pathways accordingly.

Two aspects of the modelling approach helped to reduce
error in the results. By modelling over 1500 back-trajectories
for a single community, any error in single trajectory has
minimal influence on the overall result. Additionally, using a
radius of influence when applying the line density function,
also acts to smooth the overall results.

In addition to the limitation in the frequent air pathways,
the amount of wildfire smoke reduced in each community is
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also dependent on four factors: (1) the number of fires
contributing smoke; (2) the total area burned on each of
these fires on a given day; (3) the number of these fires that
received fuel treatments; and (4) the time between the fuel
treatment and the wildfire event. The predicted reduction in
the ambient 24-h concentration of PM2.5 in Shady Cove
could have been more if both fires that contributed smoke
into Shady Cove had received fuel treatments, or if the fuel
treatments allowed firefighters to contain the fires thus
avoiding further fuel consumption. However, because treat-
ment extent is constrained for several reasons like slope
steepness, habitat concerns, worker safety, or other practical
matters, less than 50% of federal lands in the Rogue Basin
are accessible via existing roads (Metlen et al. 2021), con-
sistent with accessibility in the Sierra Nevada Mountains
(North et al. 2015).

Conclusions

This study examined the question of ‘what more could be done
to reduce wildfire smoke in frequently impacted communi-
ties’? To help answer this question, the authors approached
this study from a community perspective by evaluating where
smoke comes from when it enters a community. By conducting
thousands of back-trajectory modelling runs and processing
this information in ArcGIS, the authors were able to create
maps of frequent air pathways into five communities which
are often impacted by wildfire smoke. The maps revealed
distinct patterns of air flow for each community.

A case study was then presented to illustrate how much
air quality could be improved in a community with the use
of targeted fuel treatments by focusing on where the fuel
treatments occur and the specific fuel beds and vegetative
layers which emit the most smoke during a wildfire.

Two of the fuel beds (FCCS fuel beds 2 and 9) emitted
three times as much PM2.5 as the other two fuels beds
(FCCS fuel beds 16 and 38) on a per hectare basis, but
because the extent of each fuel bed was not equal across
the fire, fuel beds 16 and 2 contributed the most PM2.5
emissions. Thus, one must consider both the unit emission
rate of each fuel bed and the relative percent of the total
area of each fuel to identify the best fuel beds to reduce
emissions.

The fuel treatment resulted in a change in PM2.5 emis-
sions from a total of 2744 Mg before treatment to 1506 Mg
after treatment, which is a 45% reduction in emissions. On
average, the canopy, wood, and ground fuels combined
contributed 88% of the total PM2.5 emissions, whereas
the shrub, herb, and LLM strata only contributed 12% of
the total PM2.5 emissions. The largest reduction in PM2.5
emissions occurred primarily due to the change in the wood
and ground strata. These alone accounted for 74% of the
total reduction in PM2.5 emissions (i.e. wood accounted for
48% and the ground fuels accounted for 26%).

Assuming a linearly proportional decrease in downwind
concentrations to the change in emission rates, air quality
impacts could have been reduced by as much as 45% on the
worst-case day if only the fire with treated fuels was the sole
contributor. However, the authors assumed that a more
distant fire that contributed 10% of the impacts did not
receive fuel treatments. Thus, in this alternative scenario,
the reduction in PM2.5 concentration on the worst-case day
was only 41%.

Several suggestions were presented for fire and land
managers on how to use the frequent air pathways maps
to reduce the duration and concentration of smoke in fre-
quently impacted communities before and during wildfire
occurrence. During wildfire season, fire managers could
consider using the frequent air pathway maps to quickly
understand if a fire is likely to cause long periods of smoke
in a community. Such information may be helpful in inform-
ing discussions prioritising the allocation of limited fire
suppression resources.

The case study analyses revealed substantial differences
between potential smoke emissions from different fuel beds
and vegetative strata. Knowledge of these differences could
inform fuel treatments should an air quality objective be
added to address smoke from subsequent wildfires. The
authors demonstrated how targeted fuel treatments could
reduce the concentration of PM2.5 by 41% in a downwind
community. As such, the authors conclude that there is more
that could be done to reduce smoke from wildfires beyond
current practices.
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