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Abstract: Prescribed fires in forest ecosystems can negatively impact human health and safety
by transporting smoke downwind into nearby communities. Smoke transport to communities
is known to occur around Bend, Oregon, United States of America (USA), where burning at the
wildland–urban interface in the Deschutes National Forest resulted in smoke intrusions into populated
areas. The number of suitable days for prescribed fires is limited due to the necessity for moderate
weather conditions, as well as wind directions that do not carry smoke into Bend. To better understand
the conditions leading to these intrusions and to assess predictions of smoke dispersion from prescribed
fires, we collected data from an array of weather and particulate monitors over the autumn of 2014 and
spring of 2015 and historical weather data from nearby remote automated weather stations (RAWS).
We characterized the observed winds to compare with meteorological and smoke dispersion models
using the BlueSky smoke modeling framework. The results from this study indicated that 1–6 days
per month in the spring and 2–4 days per month in the fall met the general meteorological prescription
parameters for conducting prescribed fires in the National Forest. Of those, 13% of days in the spring
and 5% of days in the fall had “ideal” wind patterns, when north winds occurred during the day and
south winds did not occur at night. The analysis of smoke intrusions demonstrated that dispersion
modeling can be useful for anticipating the timing and location of smoke impacts, but substantial
errors in wind speed and direction of the meteorological models can lead to mischaracterizations
of intrusion events. Additionally, for the intrusion event modeled using a higher-resolution 1-km
meteorological and dispersion model, we found improved predictions of both the timing and location
of smoke delivery to Bend compared with the 4-km meteorological model. The 1-km-resolution
model prediction fell within 1 h of the observed event, although with underpredicted concentrations,
and demonstrated promise for high-resolution modeling in areas of complex terrain.

Keywords: Prescribed fire; particle matter smaller than 2.5 µm (PM2.5); smoke; dispersion
modeling; RAWS

1. Introduction

Forest management agencies are increasingly moving away from fire exclusion and toward
policies that balance modified suppression with the use of prescribed fire to achieve multiple ecological
objectives [1]. Therefore, predicting smoke impacts and, probably more importantly, determining
meteorological conditions that reduce smoke impacts from prescribed fires is needed. Few studies
addressed this [2,3]. There were comprehensive fuel, fire behavior, and smoke measurements on
prescribed fires (e.g., Reference [4]). However, these data were not used to evaluate and improve smoke
modeling systems, especially in terms of meteorological conditions. This research was completed in
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collaboration with the Deschutes National Forest (DNF) to investigate meteorological conditions around
Bend, Oregon and evaluate smoke dispersion models with the goal of determining what is required to
conduct prescribed fires in the area without causing excessive impacts on nearby communities. The
geography of Bend and the DNF provides a complicated environment for prescribed fire from a smoke
management perspective due to the complex terrain and the location of burn units typically being
upslope from populated areas.

Wildland fire is a naturally occurring ecological process, and many forests in the western United
States (US) were shaped by the periodic occurrence of fire [5,6]. A history of timber harvesting, grazing,
and fire suppression altered the role fire played on the landscape and, in some cases, caused shifts in
forest structure and composition [7]. These changes led to widespread fuel accumulations which can
enhance the intensity and severity of wildfires (e.g., Reference [8]). Forest managers use prescribed
fire to improve forest health and create a diversity of plant and wildlife habitat [9,10]. Additionally,
prescribed fires reduce forest fuels and mitigate the intensity and effects of wildfires [11]. However,
planning prescribed fires presents challenges in avoiding undesired consequences to communities
such as smoke and visibility.

Exposure to the smoke generated from forest fires (wild and prescribed) has negative health
impacts [12–14], and the associated costs are substantial [15]. While woodsmoke is known to contain
many toxic pollutants [16], particles smaller than 2.5 µm in aerodynamic diameter (PM2.5) are a major
concern owing to their health impacts [17] and ability to transport over long distances [16]. The US
Environmental Protection Agency (EPA), through the Clean Air Act of 1970, set standards as defined
by the National Ambient Air Quality Standards (NAAQS) to protect the public [18]. The maximum
allowable level of PM2.5 averaged over a 24-h period is 35 µg·m−3. States may also implement their
own regulations in addition to the NAAQS specified by the EPA.

The relationship among winds, fire behavior, vegetation, and smoke dispersion is especially
difficult in areas of complex terrain. Wind speed and direction are affected by topography, and
vegetation moisture can change at time scales of hours, minutes, and even seconds [19]. Additionally,
complex topography can directly affect fire behavior and smoke transport [10,20]. Surface winds may
similarly be affected by variations in vegetation cover. Understanding how fuels, vegetation, fire,
topography, and wind patterns interact for a particular region can improve the ability to predict how
and where smoke will disperse.

The DNF, located in the Cascade Mountains west of Bend, uses prescribed fire at the wildland–urban
interface (WUI) to meet management objectives while protecting the public’s quality of life in nearby
communities. A major constraint is the potential for smoke from prescribed fires to reach nearby
communities. The state of Oregon’s administrative rules include regulations regarding smoke intrusions,
where a “smoke intrusion” is defined as the verified entrance of ground-level smoke from prescribed
fires into designated smoke-sensitive areas [21]. The restrictions are characterized by the 1-h average
PM2.5 concentration above the previous 3-h average PM2.5 concentration.

The US Forest Service AirFire research team collaborated with the DNF on a field measurement
and modeling project to study the complex interaction of fuels, fire, topography, and wind patterns to
better understand smoke intrusions from prescribed fires. During the study, smoke from six prescribed
fires intruded into Bend, with 1-h PM2.5 concentrations ranging from 11 µg·m−3 to 245 µg·m−3. Both
wildfires and prescribed fires were used for large-scale evaluation of air-quality prediction systems that
include wildfire emissions (e.g., References [22–24]). However, the current study is unique because few
case studies synthesized meteorological conditions, smoke dispersion modeling, and ground-based
observations, especially for prescribed fires.
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The goal for this study was to characterize the conditions under which smoke intrusions occur
and to assess the ability of smoke dispersion modeling to predict the timing and direction of smoke
transport from prescribed fires. To investigate the spatial variability in meteorological conditions
and analyze smoke dispersion in the area surrounding Bend, we deployed portable PM2.5 and
meteorological measurement stations for approximately nine months during the prescribed fire seasons.
The objectives of this study were to (1) characterize the frequency of acceptable meteorological
conditions for prescribed fire, (2) describe seasonal wind patterns and identify circumstances that may
avoid smoke intrusions into populated areas, and (3) evaluate existing meteorological and smoke
dispersion modeling performance during smoke intrusions via measured and modeled PM2.5 data.
This is one of the few studies gathering a comprehensive dataset of meteorological measurements,
PM2.5 measurements, and documented burn information. The results of this research will improve our
understanding of smoke dispersion modeling, support the planning of prescribed fires, and ultimately
lead to better predictions and fewer smoke intrusions.

2. Methods

2.1. Study Area

The study area was located in Deschutes County, Oregon, near the cities of Sisters, Bend, and
Sunriver (Figure 1). The city of Bend, with a population of approximately 86,238 people (2015 estimate),
is designated as a “smoke-sensitive receptor area”; thus, it receives the highest level of protection under
the state’s smoke management plan to prevent smoke from prescribed fire in forestlands from being
carried to or accumulating in the area [25]. Both Bend and Sisters, along with all the prescribed fire
locations in this study, fall within the Community Wildfire Protection Plan (CWPP) WUI boundary [26].
This means the area contains or is adjacent to an at-risk community identified by CWPP where
structures or human development meet or intermingle with wildland vegetation.

The DNF lies approximately 6 km to the west of Bend. It contains portions of the Cascade Range
but is mainly on the eastern slopes and foothills of the Cascades. The terrain in the DNF has numerous
mountains, buttes, and peaks including Three Sisters, Broken Top, Broken Hand, Paulina Peak, Ball
Butte, Tumalo Mountain, and Mount Bachelor, as well as others. Much of the topography is made up
of draws in an eastern/northeastern direction coming down off the Cascade Range’s eastern slopes and
foothills. The elevation ranges from 593 to 3153 m with an average of 1485 m, while Bend and Sisters
are at 1104 m and 970 m, respectively. Slopes range from 0 to 649% with an average of 10%. Two major
waterways, the Deschutes River and Whychus Creek, flow toward the northeast through Bend and
Sisters, respectively.

Annual precipitation in Bend is about 288 mm·year−1, with the majority of precipitation occurring
between November and February (Western Regional Climate Center; http://www.wrcc.dri.edu). The
climate is classified as moist subtropical mid-latitude climate with a dry and warm summer season
according to the Köppen climate classification. The vegetation in the area consists of Douglas fir,
Ponderosa pine, Lodgepole pine, juniper, and savanna sagebrush. Prescribed fire in the DNF is typically
conducted in the spring (April–June) and fall (September–November) months, and wildfires are a
concern during the summer months (July, August, and into September).

http://www.wrcc.dri.edu


Atmosphere 2019, 10, 515 4 of 35

Atmosphere 2019, 10, x FOR PEER REVIEW 4 of 34 

 

 
Figure 1. Map of study area in and around Bend, Oregon, showing locations of fuel sampling sites, 
co-located particle matter smaller than 2.5 μm (PM2.5) and meteorological monitors (E-samplers), 
portable weather stations (WatchDog meteorological measurement stations), remote automated 
weather station (RAWS) sites, and prescribed fire locations. 

2.2. Acceptable Burn Days 

To determine how frequently land managers can expect conditions that are favorable for 
prescribed fire, we compiled the number of days fuel and meteorological parameters met conditions 
appropriate for prescribed fire ignition (Table 1). Although meteorological constraints may vary by 
fuel type or the spatial context of a burn unit, these values were provided by forest managers working 
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historical daily fire weather observations [27], to identify days meeting the acceptable burn 
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Figure 1. Map of study area in and around Bend, Oregon, showing locations of fuel sampling sites,
co-located particle matter smaller than 2.5 µm (PM2.5) and meteorological monitors (E-samplers),
portable weather stations (WatchDog meteorological measurement stations), remote automated weather
station (RAWS) sites, and prescribed fire locations.

2.2. Acceptable Burn Days

To determine how frequently land managers can expect conditions that are favorable for prescribed
fire, we compiled the number of days fuel and meteorological parameters met conditions appropriate
for prescribed fire ignition (Table 1). Although meteorological constraints may vary by fuel type or the
spatial context of a burn unit, these values were provided by forest managers working in the DNF and
reflected general weather constraints commonly used in the area. The days were identified by data
measured and calculated from remote automated weather stations (RAWS) in the area, and included
temperature, relative humidity (RH), wind speed, and 1-h, 10-h, and 100-h dead fuel moistures. We
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used Fire Family Plus v4.2, a software system for summarizing and analyzing historical daily fire
weather observations [27], to identify days meeting the acceptable burn conditions. We analyzed data
from three RAWS located in the study area maintained by the DNF and the Western Regional Climate
Center (WRCC). These are permanently located stations with weather sensors located approximately
6 m above ground level and are typically placed in locations suitable for monitoring fire danger.

Table 1. Common meteorological parameters for prescribed fires conducted on the Deschutes
National Forest.

Parameter Low High Minimal Acceptable
Moisture Parameters

Air Temperature (◦C) 4.4 26.7 -
Relative humidity (%) 20 40 -
Mid-flame wind speed (m·s−1) 0 3.6 -
1-h fuel moisture (%) 5 10 5
10-h fuel moisture (%) 6 12 6
100-h fuel moisture (%) 7 14 7
1000-h fuel moisture (%) - - 15
Live fuel moisture (%) - - 30

Daily fire weather observations (1:00 pm. Pacific Standard Time (PST)) from the Tumalo Ridge
RAWS (7 km west of Bend at an elevation of 1220 m; Bend elevation is 1105 m), Lava Butte RAWS
(15 km south of Bend at an elevation of 1344 m), and Round Mountain RAWS (47 km southwest of
Bend at an elevation of 1798 m) were used to determine if burning would be within prescription for
the days in the period from 2006–2015 (see Table 2 for a list of instrument locations and details). Data
were assessed individually for each station and means calculated by month. Midflame wind speeds
were estimated using wind adjustment factors provided in Andrews [19].

Table 2. Meteorological stations and smoke monitor locations for Spring 2015. Locations are listed
from north to south. WX = WatchDog meteorological measurement station (wind speed, wind
direction); PM2.5 = Met One Instruments, Inc. E-Sampler (particle matter smaller than 2.5 µm (PM2.5)
concentration, wind speed, wind direction); RAWS = remote automated weather station (temperature,
relative humidity, wind speed, wind direction); nephelometer = Radiance Research M903 nephelometer
(PM2.5 concentration); N = north; W = west; S = south.

Station Latitude (◦) Longitude (◦) Elevation (m) Measurement
Type

Relationship to
Bend, Oregon
(km, direction)

Sisters Ranger
Station 44.2925 −121.5552 975 WX 32 km, NNW

Sisters Ranger
Station 44.2925 −121.5552 975 Nephelometer 32 km, NNW

Bridges Boys
Academy 44.2274 −121.5212 1079 WX 25 km, NW

Cascade Academy 44.1327 −121.3323 988 WX 8 km, NNW
Tumalo Ridge 44.0494 −121.4003 1220 RAWS 7 km, WSW
Bend Pump Station 44.0639 −121.3126 1101 Nephelometer In Bend
Miller Elementary 44.0543 −121.3692 1167 WX 5 km, W
Cascade Middle
School 44.0370 −121.3397 1145 PM2.5 4 km, SW

Lava Butte 43.93 −121.33 1344 RAWS 15 km, S
Sunriver 43.9033 −121.4329 1269 PM2.5 20 km, SSW
Round Mountain 43.6739 −121.7167 1798 RAWS 47 km SW

2.3. Seasonal and Diurnal Wind Analysis

In addition to determining the frequency of days in prescription, we also generated seasonal wind
roses, both for day and night, to better understand wind patterns in the study area (Appendix A). We
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followed the methodology used by the WRCC to define “day” and “night” such that time windows for
“daytime” winds included the interval from 11:00 am–6:00 pm PST and nighttime windows included
the interval from 01:00 am–07:00 am PST. These time periods capture the general wind patterns during
the day and night and attempt to reduce the inclusion of transitions associated with sunrise and
sunset. Additionally, the times generally cover daytime and nighttime hours throughout the year and
minimize the difference between winter and summer.

Seasons were defined by meteorological seasons with the 12 calendar months grouped into
four three-month periods. Winter included the months of December, January, and February; spring
included March, April, and May; summer included June, July, and August; and fall included September,
October, and November. Although the DNF prescribed fire season occurs in autumn and spring, some
prescribed fires took place in early June, which would be categorized in this manner as summer. This
grouping aligned calendar dates more closely with temperatures during that period and allowed easier
comparison of weather patterns across seasons.

We used wind data from the Tumalo Ridge RAWS (the station closest to Bend) to estimate the
frequency that daytime and nighttime winds were from a direction that would carry smoke away from
Bend. We assessed how often northwesterly through northeasterly winds occurred during the day
(to transport smoke away from Bend) and how often southeasterly to southwesterly winds occurred
during the nighttime (to determine if nighttime drainage flows are responsible for the smoke intrusions).
Days and nights when both north and south winds occurred were excluded from the analysis.

2.4. Smoldering Fuel Consumption Measurements

Ottmar et al. [28] worked with the DNF to assess post-fire fuel consumption measurements of
stumps, logs, and basal accumulations (litter and duff deposits at the base of standing trees) at two
sites in the DNF representative of the burn units. These sites were the West Bend unit (located less than
5 km west-southwest (WSW) of downtown Bend) and the Glaze Meadow unit (approximately 40 km
north-northwest (NNW) of downtown Bend). Their measurements provided estimates of fuel loadings
and consumption, which are critical for smoke dispersion modeling. Due to the overnight timing of
smoke dispersal, smoldering combustion of downed woody debris was believed to contribute to a
smoke intrusion in spring 2014. Because this was a retrospective study, estimates of the timing and
duration of smoldering combustion could not be determined.

Accurate estimates of fuel loadings and types are necessary for consumption and emissions
predictions. While data on pre-fire fuel information for stumps, logs, and basal accumulations were
unavailable, postburn data were collected approximately two months later to reconstruct the potential
contribution of these three fuel-bed components to smoldering combustion and to smoke production [28].
Total maximum smoldering fuel component consumption was estimated at 3094 kg·ha−1 in West Bend
and 17,553 kg·ha−1 in Meadow Glade, with over 50% of that consumption from smoldering stumps.
West Bend had minimal smoldering of logs (247 kg·ha−1) while Meadow Glade had 6882 kg·ha−1 of
smoldering logs. Consumption of basal accumulation was similar at 695 kg·ha−1 and 852 kg·ha−1 at
West Bend and Meadow Glade, respectively. While the Fuel Characterization Classification System
(FCCS) fuel models were used for emissions estimates, information about the smoldering combustion
components was used in the smoke modeling to improve predicted PM2.5 concentrations from the
intrusions analyzed in this work. However, our main focus was comparing the directionality and
timing of intrusion events.

2.5. Weather and PM2.5 Measurement Stations

WatchDog Weather Stations (Spectrum Technologies, Inc., Aurora, IL, USA) were deployed at six
sites in 2014 and four sites in 2015 (Figure 1, Table 2) to supplement permanent stations. The portable
weather stations were placed at 1.5 to 2 m above ground level and collected temperature, precipitation,
relative humidity (RH), wind speed, wind direction, wind gust speed, wind gust direction, and dew
point at 10- or 15-min intervals; however, only wind speed and wind directions were analyzed in this
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study. WatchDog 2000 Series Weather Stations measure wind speeds of 0 and between 0.3 to 89.4 m·s−1

with an accuracy of ± 0.8 m·s−1. Wind directions are measured in 1◦ increments with an accuracy of
±3◦. The wind vanes were calibrated during field-deployment to establish accurate wind direction
readings. Data were examined for values outside of expected ranges prior to analysis.

E-samplers (Met One Instruments, Inc., Grants Pass, OR, USA) were deployed at five sites in 2014
and three sites in 2015. These monitors were placed at 1.5 to 2 m above ground level and collected
PM2.5 concentration data via light scattering in addition to temperature, RH, wind speed, and wind
direction. The E-sampler calculates PM2.5 concentration by applying a calibration to the measured
light scattering. Four of the E-samplers recorded 1-h averages and one recorded 10-min averages in
2014. The three sensors deployed in 2015 used 15-min averages. E-samplers provide auto-ranging to
measure concentrations from 1 to 65,530 µg·m−3 with a sensitivity of 0.001 mg·m−3, an accuracy of 8%
for NIOSH 0600, and precision to 0.003 mg·m−3 or 2% reading. They use a comprehensive set of error
and alarm codes to identify any problems with the unit (including critical parameters which must be
working correctly for machine operation). The units used in this study were deployed intermittently
for short field campaigns and periodically returned to Met One Instruments, Inc. for cleaning and
calibration as needed for this type of usage. When deployed for this project, they were calibrated for
pressure, temperature, and flow rate. The internal RH was set to 50% to reduce effects of water bound
in aerosol inflating PM2.5 estimates. Filter sampling was not used.

The state of Oregon’s Department of Environmental Quality (DEQ) operates two permanent
nephelometers in the DNF: one at the Sisters Ranger District Office in Sisters, and the other at the Bend
Pump Station. Both permanent air-quality monitors are located in urban areas (near traffic and, for the
Bend location, near the Deschutes River) and are designed to capture air samples representative of the
environment in those population centers. Both monitors are M903 nephelometers (Radiance Research,
Seattle, WA, USA), which measure sample volumes of 0.44 m3 using a 530-nm wavelength. These
instruments also measure light scattering due to particulate matter in the atmosphere. Their range is 0
to 1 per km with a lower detection less than 0.001 per km at a 30-s average. For these monitors, DEQ
establishes a calibration curve by relating observations to Rupprecht and Patashnick P2025 PRM filter
samplers and converts measurements to PM2.5 concentrations based off a linear regression model. This
process is done at the Bend Pump Station every year using the most recent three years of data. Clean
air zero and span calibrations are preformed every three months.

It is important to recognize that the method of observing particulate matter via light scattering is
subject to uncertainty as mass scattering efficiency may be affected by chemical composition of biomass,
the fraction of light absorbing black and brown carbon, and size distribution of particles [29–31].
Particles are made up of different constituents and come in many shapes and sizes. Thus, they can
have different mass scattering efficiencies due to differences in both chemistry and microphysical
properties [32,33]. Additionally, particles may be affected by combustion processes [34], as well as the
effect of atmospheric aging (e.g., photobleaching) [30].

2.6. Smoke Dispersion Modeling

The BlueSky smoke modeling framework [35] was used to simulate the near-surface PM2.5

concentrations that caused the smoke intrusions. BlueSky links datasets and models of fire location
and growth, fuel loadings and consumption, emissions from consumed fuels, plume rise, and smoke
dispersion. The dispersion model requires meteorological model output to predict movement and
concentration of smoke. While BlueSky simulation outputs provide PM2.5 concentration fields, other
trace gases are calculated in the background but not simulated all the way through to a concentration
field. Also, we simulated only primary PM2.5 emissions from the fires and did not take into account
secondary formation or other potential sources. We used the actual fire location and size for each of
the prescribed fires. This information was obtained from the intrusion reports, prepared by the DNF
District Office that was responsible for the burns, and contained the dates, times, locations, sizes, and
fuel loadings (Table 3).
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Table 3. Fires responsible for smoke intrusions into Bend, Oregon for fall 2014 and spring 2015.
Vegetation types derived from the Fuel Characterization Classification System (FCCS) were used for
BlueSky runs. PDT = Pacific Daylight Time.

Burn Date Latitude
(◦)

Longitude
(◦)

Elevation
(m) Size (ha)

Pre-fire Fuel
Loading
(kg·ha−1)

Vegetation
Type

Ignition Start
(PDT)

4 October 2014 43.7250 −121.6323 1301 18.2 101,482 Lodgepole pine 1:57 PM

4 October 2014 43.6960 −121.6529 1305 19.0 44,498
Pacific
Ponderosa pine;
Douglas fir

11:14 AM

4 October 2014 43.7105 −121.6329 1302 20.3 44,498
Pacific
Ponderosa pine;
Douglas fir

11:30 AM

4 May 2015 * 43.6571 −121.8360 1525 46.2 182,990 Lodgepole pine 9:30 AM

5 May 2015 43.9611 −121.3339 1266 4.9 30,734 Ponderosa pine
savanna 10:45 AM

28 May 2015 44.0242 −121.3839 1312 27.9 21,005
Western juniper;
sagebrush
savanna

11:25 AM

5 June 2015 44.0423 −121.3975 1220 49.4 21,005
Western juniper;
sagebrush
savanna

11:00 AM

6 June 2015 44.0136 −121.3975 1234 55.9 21,005
Western juniper;
sagebrush
savanna

10:00 AM

* 4 May 2015 fuels were customized from FCCS #22 by increasing duff depth from 5.1 to 12.7 cm.

Six smoke intrusions impacted the city of Bend over the fall of 2014 and spring of 2015 prescribed
fire seasons (Table 4). Fuel loadings were obtained from the Fuel Characterization Classification System
(FCCS) mapped at a 1-km resolution [36]. We used FCCS fuel models since it is not uncommon for
fuel loadings to vary by an order of magnitude for a site [37]. Additionally, our main interest was
to compare the directionality and timing of predicted and observed smoke dispersion and did not
include a comprehensive assessment of concentrations. Therefore, site-specific fuel information was
not incorporated into the BlueSky framework although that capability does exist. Total pre-fire fuel
loadings used in the model runs are given in Table 3.

Table 4. Summary of smoke intrusion episodes into Bend, Oregon for fall of 2014 and spring of 2015.

Burn Date Intrusion Start (PDT) Intrusion
Duration (h)

Maximum 1-h
PM2.5 (µg·m−3)

Maximum 24-h
PM2.5 (µg·m−3)

Relationship to
Bend, Oregon (km,

direction)

4 October 2014
3:00 AM.

5 October 2014
10 96 26

45 km, SSW
4 October 2014 49 km, SSW
4 October 2014 47 km, SSW

4 May 2015 1:00 PM. 4 May 2015 2 13 5 60 km, WSW
5 May 2015 7:00 AM. 6 May 2015 1 11 2.3 11 km, SSW

28 May 2015 1:00 AM. 29 May 2015 7 181 27 7 km, SW
5 June 2015 10:00 PM. 5 June 2015 12 130 25 7 km, WSW
6 June 2015 12:00 AM. 7 June 2015 10 245 38 9 km, SW

A three-dimensional wind field from the Weather Research and Forecasting (WRF) model [38,39]
was used to drive BlueSky, and the Hybrid Single-Particle Langrangian Integrated Trajectory (HYSPLIT)
model was used for the dispersion simulations [40,41] (Table 5). The spatial and temporal resolutions
of the BlueSky runs were determined by the meteorological model. In this case, we used the hourly
4-km-resolution WRF model provided by the University of Washington Department of Atmospheric
Sciences [42]. Additionally, we had available a 1-km-resolution meteorological model from the National
Centers for Environmental Prediction (NCEP) North American Mesoscale Forecast System (NAM) [43]
for the 4–5 October 2014 smoke intrusion period. Smoke modeling with these data provide hourly
predictions of near-surface PM2.5 concentrations. The suites of portable meteorological and PM2.5

monitors were not deployed for the October 2014 episode, but smoke dispersion modeling was possible
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and the modeled meteorological wind fields were compared with those obtained from RAWS stations.
Modeled PM2.5 values were compared with PM2.5 measurements at the Bend Pump Station.

Table 5. The BlueSky Smoke Modeling Framework configuration used for modeling smoke production
and transport from the prescribed fires.

BlueSky Framework Version 3.1.5
Meteorological Model Weather Research and Forecasting (WRF) 3.1.1 (4-km, 1-h

intervals); North American Mesoscale Forecast System (NAM)
(1-km, 1-h intervals)

Fuel Loadings Fuel Characteristic Classification System (FCCS)
Consumption Model Consume Version 3.0
Emissions Model Fire Emission Production Simulator (FEPS) Version 1.0
Dispersion Model Hybrid Single-Particle Langrangian Integrated Trajectory

(HYSPLIT) Version 4.9

3. Results

3.1. Acceptable Burn Days

From 2006–2015, Tumalo Ridge had 259 burn days, Lava Butte had 264 burn days, and Round
Mountain had 280 burn days within acceptable meteorological parameters for prescribed fire (Figure 2).
Therefore, an average of 26–28 burn days occurred each year including 1–6 prescription days per
month in the spring and 2–4 prescription days per month in the fall. While 2–7 days per month were in
prescription during the summer, they are not generally considered suitable for prescribed fires due to
the risk of wildfire. Considerable data gaps existed in the RAWS data during mostly the winter months;
thus, those data were probably biased low during these times. However, fuel moistures may be too
high in the winter to adequately carry fire, and ignition may be impossible if snowfall covers surface
fuels. Greater confidence was placed in the spring, summer, and fall months of data (highlighted by
boxes around those months in Figure 2). With regard to the seasonality and spatial variation of the
region’s meteorological patterns, conditions amenable to prescribed fire occurred early in the spring
at Tumalo Ridge and later in the spring at Lava Butte and Round Mountain. While all three stations
showed acceptable conditions in the fall, this appeared to be the only time that Round Mountain had a
substantial number of days within prescription outside of the late spring and summer.
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Figure 2. Mean number of days with weather conditions within prescription, by month, 2006–2015 for
Lava Butte, Round Mountain, and Tumalo Ridge RAWS locations. Error bars represent the standard
error of the mean for each month over the 10-year period. The box surrounding March–October
encompasses months when complete data were available.
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3.2. Seasonal and Diurnal Wind Analysis

The most suitable wind conditions in this region occurred when north winds occurred during
the day and south winds did not occur at night. Nighttime southerly winds occurred 69–80% of the
time, making acceptable wind conditions a somewhat rare occurrence (Table 6). On days that met
meteorological conditions for prescribed fire, ideal wind conditions were more frequent in the spring
(13%) than in the fall (5%). The Tumalo Ridge RAWS location showed strong S–WSW flows at night for
all seasons while the Lava Butte nighttime wind was SSW–WSW (Appendix A). During the day, Lava
Butte also had a similar pattern of SW flows with some northerly flows as well. The Round Mountain
RAWS location, which is situated at a higher elevation (1798 m) and further (47 km) from Bend, was
different in that it had a NW pattern, with some flows from all directions as well. Seasonal analysis
shows that these wind conditions occurred 77% of the time annually.

Table 6. Percentage of days when nighttime south winds and daytime north winds occurred at the
Tumalo Ridge RAWS from 2006–2015. Ideal wind conditions are when north winds occur during the
day and south winds do not occur at night. “Annual” analysis takes into account all days of the year.
“Annual burn” analysis takes into account only days that meet the prescribed fire prescription window
parameters; this also applies for spring and fall. Days and nights when both north and south winds
occurred were excluded from the analysis.

Time of Year Day North
Wind Yes

Day North
Wind No

Night South
Wind Yes

Night South
Wind No

“Ideal” Wind
Conditions

Annual 36% 45% 77% 15% 7%
Annual burn 46% 38% 75% 17% 8%
Spring 45% 36% 77% 12% 7%
Spring burn 50% 36% 69% 21% 13%
Fall 35% 44% 77% 17% 9%
Fall burn 46% 38% 80% 14% 5%

3.3. Smoke Intrusions

Smoke from prescribed fires intruded into Bend on one occasion in October 2014 and five occasions
in May through June 2015 (Table 4). The 4 May 2015 intrusion was the shortest duration and lowest
concentration and occurred during the daytime hours. The other five intrusions occurred in the evening,
overnight, and early morning hours, with 1-h PM2.5 concentrations up to 245 µg·m−3. Here, we discuss
the measured meteorological conditions contributing to these intrusions, a graphical and statistical
analysis of the modeled wind field from the 4-km WRF meteorological prediction system for all six
intrusions, and the modeled 1-km-resolution wind field from NAM for the October 2014 intrusion.

Three prescribed fires were ignited on 4 October 2014 approximately 44 km SSW of Bend (Figure 1).
Each burn unit was between 18 and 20 ha. Ignition occurred between 11:00 a.m. Pacific Daylight Time
(PDT) and 2:00 p.m. PDT, and smoke was initially carried away from Bend. Overnight, however,
conditions changed, and smoke was transported into the city. Elevated PM2.5 values registered an
intrusion starting at 2:00 a.m. PDT on 5 October, dissipating by 12:00 p.m. PDT. A maximum 1-h PM2.5

concentration of 96 µg·m−3 was recorded at the Bend Pump Station at 3:00 a.m. PDT, with a second
peak of 94 µg·m−3 at 9:00 a.m. PDT (Figure 3). While using the 1-km-resolution NAM wind field
from the NCEP captured the timing of the intrusion relatively well (within 1 h), the model predicted
substantially lower concentration of PM2.5. Note, however, that the measured and modeled PM2.5 was
not the same here; our model only simulated primary PM2.5 and did not consider secondary particulate
matter or other sources. The 4-km-resolution WRF meteorological prediction resulted in concentration
estimates of 0 µg·m−3 in Bend during the intrusion period.
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ranged from 20° to 80°. For the 4-km-resolution domain, daytime mean errors ranged from 38° to 60° 
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Figure 3. Measured PM2.5 concentrations and concentrations modeled using the 1-km-resolution North
American Mesoscale Forecast System (NAM) model on 4–5 October2014, at the Bend Pump Station.
The red line indicates time of ignition, and the shaded area represents the time of the intrusion.

With the 1-km-resolution NAM meteorological model domain (36-h forecast) from the NCEP
available in addition to the 4-km WRF meteorological domain, we also did a comparison of winds
and smoke dispersion with the two resolutions at the three available RAWS locations (Tumalo Ridge,
Lava Butte, and Round Mountain). Wind direction mean errors for both 1-km (left side of Figure 4)
and 4-km (right side of Figure 4) resolutions, day and night, are shown for the 36-h period. For the
1-km-resolution domain, daytime mean errors ranged from 45◦ to 80◦, while nighttime mean errors
ranged from 20◦ to 80◦. For the 4-km-resolution domain, daytime mean errors ranged from 38◦ to 60◦

and nighttime mean errors ranged from less than 10◦ to greater than 80◦.
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Figure 4. 4–6 October2014. Daytime and nighttime mean wind direction error of modeled minus
measured wind data at the three RAWS locations. The 1-km-resolution North American Mesoscale
Forecast System (NAM) model is on the left side, and the 4-km-resolution Weather Research and
Forecasting (WRF) model is on the right side. Error bars represent the standard error of the mean.
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The BlueSky smoke model simulations using both the 1-km-resolution NAM and the
4-km-resolution WRF data showed that smoke transported down the drainage from the SSW into Bend
(Figure 5a,b, respectively). The plumes arrived at approximately 3:00 a.m. PDT, in agreement with the
measured data. Predicted concentrations were lower than measured (approximately 10–15 µg·m−3

for the 1-km-resolution NAM output and less than 1 µg·m−3 (in effect, zero) for the 4-km-resolution
WRF output (Figure 3). This was probably due to BlueSky not fully capturing the smoldering of basal
accumulations and large woody debris. While the plume initially traveled to the northeast, winds
shifted to the SW before dispersion and recirculation broke it up. At 7:00 a.m. PDT, approximately
20 h after the ignition of the prescribed fire, the simulation using the 1-km-resolution NAM model
showed a well-defined plume transported along the drainage. The lower-resolution 4-km-resolution
WRF model simulation carried some smoke toward Bend overnight; however, for the most part, the
model results showed the plume east of the city.
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A 46-ha prescribed fire was ignited at 9:30 a.m. PDT on 4 May 2015, approximately 60 km 
southwest of Bend (Figure 1). Smoke was transported into Bend within 3.5 hours of ignition with a 
maximum concentration of 13 μg·m−3 recorded at the Bend Pump Station nephelometer. 
Concentrations were elevated for approximately two hours. Before ignition, the Tumalo Ridge RAWS 
measured winds from the north; however, by the time of ignition, the winds were from the south. 
Winds were steady from the WSW during the intrusion period, indicating that smoke could be 
transported into Bend. Conversely, the Round Mountain RAWS location, which was the closest wind 
monitor to the burn, had WNW winds at the time of ignition and throughout the afternoon, 
suggesting the wind should have carried the smoke away from the city. Other weather stations 
located along the highway (Hwy) 97 corridor between Bend and the burn measured predominantly 
southerly winds at the time of ignition, switching to the SW in the afternoon (see the first ignition 
time and shaded area in Figure 6). Both the modeled and the measured wind data showed abrupt 
shifts in direction when the wind speeds decreased below approximately 2 m·s−1 overnight. 
Additionally, the WRF model generally overpredicted the wind speeds.  

Figure 5. (a) BlueSky output using 4-km-resolution Weather Research and Forecasting (WRF)
model, valid time 7:00 a.m. Pacific Daylight Time (PDT), 5 October 2014; (b) BlueSky output using
1-km-resolution North American Mesoscale Forecast System (NAM) model, valid time 7:00 a.m. PDT,
5 October 2014.

A 46-ha prescribed fire was ignited at 9:30 a.m. PDT on 4 May 2015, approximately 60 km
southwest of Bend (Figure 1). Smoke was transported into Bend within 3.5 hours of ignition with a
maximum concentration of 13µg·m−3 recorded at the Bend Pump Station nephelometer. Concentrations
were elevated for approximately two hours. Before ignition, the Tumalo Ridge RAWS measured
winds from the north; however, by the time of ignition, the winds were from the south. Winds were
steady from the WSW during the intrusion period, indicating that smoke could be transported into
Bend. Conversely, the Round Mountain RAWS location, which was the closest wind monitor to the
burn, had WNW winds at the time of ignition and throughout the afternoon, suggesting the wind
should have carried the smoke away from the city. Other weather stations located along the highway
(Hwy) 97 corridor between Bend and the burn measured predominantly southerly winds at the time of
ignition, switching to the SW in the afternoon (see the first ignition time and shaded area in Figure 6).
Both the modeled and the measured wind data showed abrupt shifts in direction when the wind
speeds decreased below approximately 2 m·s−1 overnight. Additionally, the WRF model generally
overpredicted the wind speeds.
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less than the concentrations measured by the nephelometer, with concentrations of 0.05 to 0.47 μg·m−3 
predicted between 1:00 and 3:00 p.m. PDT compared to the observed results of 4.8 to 12.6 μg·m−3. The 
model output shown in Figure 7 is from approximately 4 h after ignition, with steady winds pushing 
the plume centerline to the south of Bend. Only the plume fringes were predicted to impact Bend. 
Assessing Figure 6 (first intrusion, gray-shaded area), which shows measured and modeled wind 
speed and wind direction data at Cascade Middle School, modeled winds were WSW, while 
measured winds were SSW. Thus, a shift in the modeled winds that included a stronger southerly 
component would have aligned the wind field more closely to the observed direction and could have 
brought the plume more directly into Bend.  

Figure 6. Measured and modeled wind direction (WD) and wind speed (WS) at Cascade Middle
School for 4–6 May 2015. Modeled winds are reported from the 4-km-resolution Weather Research
and Forecasting (WRF) model operated by the University of Washington. Red lines indicate burn
ignition times and gray-shaded areas indicate the smoke intrusion periods into Bend, Oregon. The
wind direction scale starts at 90◦ (coming from the east) and ends at 90◦.

BlueSky smoke modeling results simulated the timing of the transport of the smoke into Bend
(Figure 7), with concentrations from the model run using the increased fuel loadings. However, the
modeled BlueSky 1-h PM2.5 concentrations at the Bend Pump Station were still an order of magnitude
less than the concentrations measured by the nephelometer, with concentrations of 0.05 to 0.47 µg·m−3

predicted between 1:00 and 3:00 p.m. PDT compared to the observed results of 4.8 to 12.6 µg·m−3. The
model output shown in Figure 7 is from approximately 4 h after ignition, with steady winds pushing
the plume centerline to the south of Bend. Only the plume fringes were predicted to impact Bend.
Assessing Figure 6 (first intrusion, gray-shaded area), which shows measured and modeled wind
speed and wind direction data at Cascade Middle School, modeled winds were WSW, while measured
winds were SSW. Thus, a shift in the modeled winds that included a stronger southerly component
would have aligned the wind field more closely to the observed direction and could have brought the
plume more directly into Bend.

The five nighttime and early morning intrusions in 2015 all exhibited similar characteristics.
The prescribed fires were located 6–10 km SSW of Bend. During the day northeast (NE)–NW winds
transported smoke away from the city. Overnight winds decreased and turned to the SW, and PM2.5

concentrations became elevated in Bend. BlueSky 4-km-resolution simulations weakly simulated
smoke transport into Bend for the 5 May intrusion around midnight, but did not bring smoke into
the city during the intrusion period of 6:00 to 8:00 a.m. PDT. BlueSky simulations also failed to bring
smoke into Bend for the 28 May, 5 June, and 6 June intrusions.



Atmosphere 2019, 10, 515 15 of 35

Atmosphere 2019, 10, x FOR PEER REVIEW 15 of 34 

 

 
Figure 7. BlueSky output using 4-km-resolution Weather Research and Forecasting (WRF) model, 
valid time 2:00 p.m. PDT, 4 May 2015. 

The five nighttime and early morning intrusions in 2015 all exhibited similar characteristics. The 
prescribed fires were located 6–10 km SSW of Bend. During the day northeast (NE)–NW winds 
transported smoke away from the city. Overnight winds decreased and turned to the SW, and PM2.5 
concentrations became elevated in Bend. BlueSky 4-km-resolution simulations weakly simulated 
smoke transport into Bend for the 5 May intrusion around midnight, but did not bring smoke into 
the city during the intrusion period of 6:00 to 8:00 a.m. PDT. BlueSky simulations also failed to bring 
smoke into Bend for the 28 May, 5 June, and 6 June intrusions.  

Figures 6, 8, and 9 illustrate the measured wind directions and wind speeds in Bend, measured 
at Cascade Middle School, for each of the intrusions. During the overnight intrusion periods (see the 
second shaded area of Figure 6 and all the shaded areas in Figures 8 and 9), the 4-km-resolution WRF 
modeled that winds remained from the NW, while measured winds were from the SSW. Mean wind 
direction errors ranged from 89–108° at night at this location (Appendix B). Figure 10 shows box plots 
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wind direction errors were greater at night than during the day. The modeled wind speeds were 
generally biased high (but within 1 to 3 m·s−1 of the observed values), and calm winds (less than 0.25 
m·s−1) registered greater than 50% of the time at four out of the nine stations (Table 7), largely due to 
calm winds overnight (Appendix B). Again, the shift in wind direction overnight when speeds 
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the modeled wind direction data captured this occurrence, it was not of the same magnitude.  

Figure 7. BlueSky output using 4-km-resolution Weather Research and Forecasting (WRF) model, valid
time 2:00 p.m. PDT, 4 May 2015.

Figure 6, Figure 8, and Figure 9 illustrate the measured wind directions and wind speeds in Bend,
measured at Cascade Middle School, for each of the intrusions. During the overnight intrusion periods
(see the second shaded area of Figure 6 and all the shaded areas in Figures 8 and 9), the 4-km-resolution
WRF modeled that winds remained from the NW, while measured winds were from the SSW. Mean
wind direction errors ranged from 89–108◦ at night at this location (Appendix B). Figure 10 shows box
plots of the day and night wind direction mean error values for all the intrusion periods. In general,
mean wind direction errors were greater at night than during the day. The modeled wind speeds
were generally biased high (but within 1 to 3 m·s−1 of the observed values), and calm winds (less than
0.25 m·s−1) registered greater than 50% of the time at four out of the nine stations (Table 7), largely
due to calm winds overnight (Appendix B). Again, the shift in wind direction overnight when speeds
reduced to nearly 1 m·s−1 was evident during the intrusions on 28 May, 5 June, and 6 June 2015. While
the modeled wind direction data captured this occurrence, it was not of the same magnitude.
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Figure 9. Measured and modeled wind direction (WD) and wind speed (WS) at Cascade Middle 
School for the 5–6 June 2015 smoke intrusions. Modeled winds are reported from the 4-km-resolution 
Weather Research and Forecasting (WRF) model operated by the University of Washington. Red lines 
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The wind direction scale starts at 90° (coming from the east) and ends at 90°. 

Figure 8. Measured and modeled wind direction (WD) and wind speed (WS) at Cascade Middle
School for the 28 May to 29 May 2015 intrusion. Modeled winds are reported from the 4-km-resolution
Weather Research and Forecasting (WRF) model operated by the University of Washington. The red
line indicates burn ignition time, and the gray-shaded area indicates the smoke intrusion period into
Bend. The wind direction scale starts at 90◦ (coming from the east) and ends at 90◦.
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Figure 9. Measured and modeled wind direction (WD) and wind speed (WS) at Cascade Middle School
for the 5–6 June 2015 smoke intrusions. Modeled winds are reported from the 4-km-resolution Weather
Research and Forecasting (WRF) model operated by the University of Washington. Red lines indicate
burn ignition times, and gray-shaded areas indicate the smoke intrusion periods into Bend. The wind
direction scale starts at 90◦ (coming from the east) and ends at 90◦.
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The RAWS data showed that there were relatively few days (1–6 prescription days per month in 
the spring and 2–4 prescription days per month in the fall) that met the desired conditions for 
prescribed fire. Although some days occurred during the summer months (2–7 prescription days per 
month), these occasions are not typically used for prescribed fire since they coincide with wildfire 
season. These results provide managers a context for deciding how much area should be included in 
burn units based on the desired treatment goals and potential number of days that can be expected 
to be available to conduct prescribed fires. Regarding the missing observations over the winter 

Figure 10. Box plots showing day and night medians (center line), 25th and 75th percentiles (bottom
and top of the box, respectively), maximum and minimum values (whiskers), and mean (black box)
wind direction errors (modeled vs. observed) for the 2015 intrusion model runs. Modeled winds are
reported from the 4-km-resolution WRF data. Calm winds were considered less than 0.25 m·s−1.

Table 7. Wind speed (WS) mean bias, wind speed mean error, and wind direction (WD) mean error at
the meteorological measurement stations for the 2015 smoke intrusion periods. Model data are from
the 4-km-resolution Weather Research and Forecasting (WRF) model operated by the University of
Washington. Station locations are listed north to south. Calm winds include values under 0.25 m·s−1.

Station
4–6 May 2015 28–29 May 2015 5–7 June 2015

WS Bias/Error
(m·s−1)

WD Error
(◦)

WS Bias/Error
(m·s−1)

WD Error
(◦)

WS Bias/Error
(m·s−1)

WD Error
(◦)

Sisters Ranger
Station 2.9/3.0 (50% calm) 49.3 1.7/1.7 (88% calm) 43.5 2.5/2.5 (79% calm) 47.3

Bridges Boys
Academy 1.3/1.5 (40% calm) 43.1 1.1/1.4 (63% calm) 48.0 1.1/1.1 (44% calm) 27.2

Cascade Academy 2.0/2.0 (67% calm) 43.8 1.3/1.3 (71% calm) 45.4 2.8/2.8 (63% calm) 38.3
Tumalo Ridge

RAWS 0.6/1.1 42.9 0.6/0.9 58.6 0.9/1.1 40.8

Miller Elementary 1.6/1.8 (52% calm) 33.8 1.8/1.8 (79% calm) 70.2 2.6/2.6 (56% calm) 29.7
Cascade Middle

School 0.4/0.7 59.9 0.7/1.0 85.4 0.9/1.1 74.3

Lava Butte RAWS 0.7/1.4 (10% calm) 34.8 0.9/1.3 (33% calm) 59.4 2.0/2.0 (19% calm) 39.2
Sunriver −0.6/1.0 (31% NA) 71.2 0.4/1.2 94.0 0.9/1.1 55.4

Round Mountain
RAWS −0.2/1.4 13.8 −0.7/1.5 59.5 0.1/1.6 62.6

4. Discussion

4.1. Acceptable Burn Days

The RAWS data showed that there were relatively few days (1–6 prescription days per month
in the spring and 2–4 prescription days per month in the fall) that met the desired conditions for
prescribed fire. Although some days occurred during the summer months (2–7 prescription days per
month), these occasions are not typically used for prescribed fire since they coincide with wildfire
season. These results provide managers a context for deciding how much area should be included in
burn units based on the desired treatment goals and potential number of days that can be expected to
be available to conduct prescribed fires. Regarding the missing observations over the winter months
(when RAWS locations may be shut down or inactive), our results are likely sufficient for planning
purposes due to the tendency for conducting prescribed fires in the spring and autumn. The analysis
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of burn days did not account for wind direction, which may further impact the ability to conduct
prescribed fires without exceeding regulatory constraints regarding air quality, even on days when
fire behavior may be within limits. However, we separately assessed both seasonal and diurnal wind
patterns in the area.

Our results also highlight the spatial variation in weather patterns across the study area and, thus,
the importance of locating burn units and timing their treatment relative to likely weather patterns.
Because different locations were within prescription at different times throughout the spring and fall,
burn units could be scheduled for ignition using a timeline that considers the importance of achieving
treatments in a specific location at a certain time of year.

General meteorological prescription parameters are based on fire behavior models and weather
conditions used to estimate fire behavior and reduce the risk of escape, minimize the cost of control,
and reduce impacts on the surrounding environment [44]. However, variations in fuels and weather
may cause unpredictable fire behavior, which poses risks to fire suppression activities [45]. A fine
balance needs to be achieved; fuel moistures must be low enough so the fuels will ignite and carry the
fire, but not so low that the fire could get out of control. Likewise, the air temperature and relative
humidity must be warm and dry enough so the fire will carry, but again not so hot and dry that the fire
could burn uncontrollably, as happened in New Mexico with the Cerro Grande Fire near Los Alamos
National Lab in 2000 [46]. The generally low estimate of potential days available for conducting
prescribed fire in this analysis highlights the difficulty of achieving this balance.

4.2. Seasonal and Diurnal Wind Analysis

Wind speed and direction are critical for determining where smoke will go, and the need to
keep smoke away from populated areas further decreases the number of available burn days. We
concluded that, in the DNF, even when burn conditions may be favorable for desired fire behavior,
wind directions may not be acceptable due to the potential for smoke intrusions into populated areas.
Our results indicated that many moderate weather days that would be acceptable for prescribed fire
ignition would likely result in smoke intrusions into nearby communities.

Fuel moisture and winds are two of the most important factors affecting wildland fire behavior,
and winds can be highly variable and unpredictable [47]. Wind speed and direction are affected by
topography and vegetation and can change at time scales of hours, minutes, and even seconds [19].
Topography can directly affect fire behavior through the channeling of winds, which are typically
strong along major streams incised through mountain valleys [10]. Cold air from radiation cooling at
night drops into mountain valleys causing downslope winds to form [20]. Less turbulence at night
further promotes winds that follow terrain. These downslope winds generally occur from sunset to
sunrise [20]. This effect was evident in our analysis.

While daytime wind flows may have been in acceptable directions, there were patterns of shifting
wind direction overnight that could lead to smoke intrusions. Additionally, when fuels from prescribed
fires continue to burn overnight, combustion may take place in the smoldering phase, which produces
large amounts of particulate matter. This smoldering can more than double the particulate emissions
compared to the flaming phase [20,48]. Smoldering is more common in fuel types such as duff and
rotten logs, which were abundant in the burn units. Additionally, there is often insufficient heat
generated by fires during the smoldering phase to produce a convection column, resulting in smoke
and pollutants staying near the ground and concentrating in valley bottoms [20].

4.3. Smoke Intrusions

The nighttime smoke dispersion modeling from the intrusions in 2014 demonstrated how shifts in
wind directions, especially those that occur down the valley at night alongside reductions in wind
speed, led to smoke intrusions into nearby communities despite satisfactory conditions at the time of
ignition. The use of the higher-resolution meteorological model, which can better resolve complex
terrain features, improved smoke dispersion predictions for the 5 October 2014 intrusion period.
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However, more case studies involving different model resolutions are needed to test the generality of
this result. Higher resolutions were shown to provide improved results when compared with coarser
resolutions in modeling fire danger indices [49].

The approximately 1-h lag between the observed start of the smoke intrusion and the model
prediction likely resulted from errors in the wind field; lower wind speeds, wrong wind directions, or
a combination thereof could have resulted in the plume ending up in Bend later. While daytime wind
speeds were biased low at the Round Mountain and Tumalo Ridge RAWS locations (but high at Lava
Butte) and nighttime wind speeds were biased low at the Lava Butte and Round Mountain RAWS
locations (but slightly high at Tumalo Ridge), the errors ranged from 0.5 to 1.77 m·s−1, which indicated
generally strong correspondence between the 1-km model and the measured data. The lag was more
likely attributable to the errors in wind direction, which ranged from 20◦ to 81◦. However, overall, the
high-resolution meteorological model did a reasonably good job of capturing the timing and duration
of the smoke intrusion.

We found consistently lower smoke concentrations predicted by the models than observed
with deployed monitors. Ottmar et al. [28] identified smoldering consumption of duff, stumps, and
basal accumulations as likely contributing substantial smoke into the atmosphere. For modeling the
daytime smoke intrusions from 2015, increasing the duff depth from 5.1 cm to 12.7 cm in the model
approximately doubled the pre-burn fuel load (every 2.5 cm of duff contributes about 27,169 km·ha−1

in fuel loading), with most of that in the smoldering phase causing it to be released close to the ground.
This improved BlueSky’s predicted concentrations, although the main plume was still simulated to
miss Bend because predicted winds did not change.

Comparing the predicted and observed winds and particulate matter across the intrusions
indicated conditions that were common to all but one of the intrusions. Most cases occurred during
the late night and early morning hours, when winds were light or calm, and smoke movement was
driven by terrain-induced down-drainage flows. This result was made evident by the repeated shifts
in wind direction at night when wind speeds lowered. The unique case occurred on 4 May 2015,
when daytime winds carried smoke into Bend in the early afternoon, two hours after ignition. In all
cases, the prescribed fires were located southwest of Bend and smoke was transported into the city by
southwest winds.

The accuracy of smoke dispersion model results varied by intrusion. In some cases, the model
results showed smoke transport into Bend close to the time indicated by the observations (the daytime
intrusions of 4 May, and the nighttime intrusions of 5–6 May 2015 and 5 October 2014). The model
results for the other cases (28–29 May and 5–6 June 2015) did not predict smoke transport into Bend.
When both the observations and the model showed smoke in Bend, the modeled concentrations were
lower than observed, sometimes by an order of magnitude or more. This suggests that emissions from
smoldering fuels were likely underestimated. While the E-samplers track relative concentrations of
PM2.5 and may tend to underestimate them, the modeled concentrations were still consistently lower
than the observed values.

Furthermore, dispersion models are only as good as the underlying meteorological model [3]
and, if that model does not accurately represent the winds (such as sub-grid scale drainage winds
and flow through vegetative cover), the dispersion model will not accurately transplant the smoke.
Our results indicated that wind shifts occurring overnight were not adequately captured by the
meteorological models. Moreover, the 4-km-resolution WRF data generally overpredicted surface
wind speeds, a known model behavior [50–57]. While our analysis used hourly data instead of
higher-temporal-resolution data to drive BlueSky, the temporal variability of meteorological conditions
in complex terrain can be substantial. We acknowledge this limitation; however, 1-h data are
representative of what land managers and air-quality personnel use and, thus, provide a better
real-world context for the ability to predict smoke intrusions.

Improved fuel estimates can be included in BlueSky; yet, in this case, the results were fundamentally
impacted by the modeled winds not going in the right direction. Wind direction mean errors ranged
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from 14–94◦with even higher mean errors during the night. For the one intrusion where two resolutions
were available (4 October 2014, 4 km and 1 km), the higher-resolution model better predicted the
location and timing of the smoke intrusion. That said, the higher-resolution NAM simulations did
not result in consistently smaller wind direction errors than the lower-resolution WRF simulations. It
was unclear why this was the case. Both the Lava Butte and Round Mountain locations are situated at
higher elevations and probably reflect more synoptic flows, while the Tumalo Ridge location (lower
elevation, closer to Bend) is what local managers generally use as representative of burn units. The
lower error at night at the Tumalo Ridge location was probably key for the improved modeling in
this comparison.

Many factors can impact the meteorology that is important for fire behavior and smoke
transport/dispersion. The meteorological models used in this analysis take into account topography
and broad-scale vegetative cover but not the influence of local vegetation on circulation in the
modeling. The WRF and NAM models are not able to resolve flows through vegetation layers, a
drawback to using these meteorological data for doing comprehensive assessments of topography and
vegetation impacts on circulations and smoke dispersion, particularly local near-surface circulations
and dispersion. Forest vegetation can alter the distribution of turbulent kinetic energy and turbulent
heat and momentum fluxes, thereby influencing boundary- and surface-layer structure and affecting
the local and within-canopy transport and diffusion of smoke [58,59]. This is particularly important
for low-intensity surface fires—like many prescribed fires—and implementing fully resolved canopy
sub-models within atmospheric models may improve predictions of local smoke effects [60]. However,
even in cases where winds are forecasted well, it is important to include site-specific fuel loadings in
order to improve predicted PM2.5 concentrations. Emphasis on capturing the number of stumps and
rotten logs, as well as duff depth, may improve predictions of PM2.5 concentrations in the region since
these components contribute substantially to nighttime smoke.

4.4. Future Directions

Smoke intrusions to populated areas and related concerns from prescribed fires are likely to persist
even with better modeling tools and improved understanding of local meteorological patterns. However,
site-specific characterization of the smoldering fuels and using higher-resolution meteorological data
both improved the smoke modeling results in this analysis. Future research is needed in order to
improve the characterization of pre-fire fuel loading and to refine the measurement of the consumption
of forest fuels during the flaming and smoldering phases of combustion, as well as the timing and
the duration of that consumption. Additionally, continued improvement of meteorological models is
critical to predicting the delivery of smoke to correct locations. High-resolution model output shows
promise for areas of complex terrain.

Accurate assessments of fuel types and loadings are essential for realistic estimates of emissions.
Unfortunately, current fuel models do not adequately represent the smoldering fuels that often are
responsible for smoke intrusions in this region. Furthermore, smoke dispersion models contain
inherent uncertainties and limitations in their ability to correctly predict the directionality, timing, and
concentration of smoke. While this study mainly addressed errors in the meteorological model inputs
and, in one case, attempted to reduce the impact of non-site-specific fuel loadings, there are additional
potential sources of error. Even when site-specific fuel loadings (including specific fuel loadings in each
size class) are available, differences exist in how specific consumption models treat those internally [35].
The largest difference between consumption models is in the allocation of consumption between
smoldering and flaming phases of combustion and in the consumption of certain fuel strata (such
as canopy, shrubs, herbaceous, and duff) [37]. There are also uncertainties in the in-plume chemical
processes, plume rise, emission factors, fire size and type, and time profiles specifying how emissions
are distributed throughout the day [37]. Research addressing these issues and improving the behavior
of smoke and emissions models is ongoing.
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For fire and fuel managers, it may no longer be enough to base prescribed fire plans on the
total amount of forest fuels, fuel consumption, and total smoke produced on site. Rather, a more
detailed understanding of the timing of consumption and smoke production during periods of weak
atmospheric dispersal may better help manage downwind smoke effects in communities near the WUI.
Furthermore, knowledge of the general meteorological patterns and how potential burn days vary by
season and location can help with planning when and where to conduct prescribed fires.

5. Conclusions

This study assessed six smoke intrusion episodes in the autumn of 2014 and spring of 2015 in
Bend, Oregon. On average, there were 26–28 days per year with suitable meteorological conditions for
prescribed fire behavior, including 1–6 days per month in the spring and 2–4 days per month in the fall.
Wind direction further constrained the predicted number of acceptable burn days due to the potential
for smoke dispersal into city centers. Of the days meeting the general meteorological parameters for
prescribed fire, ideal wind conditions occurred on 13% of days in the spring and on 5% of days in the
fall. Additionally, our results demonstrated the utility of dispersion modeling for predicting smoke
intrusions. However, considerable errors in wind speed and direction of the meteorological models
may produce poor model results and cause mischaracterization of smoke intrusion events. In the case
study assessed here, the results of the higher-resolution meteorological and dispersion model showed
their potential for improving the prediction of both timing and location of smoke intrusions. Using the
1-km-resolution North American Mesoscale Forecast System (NAM) model resulted in a predicted
smoke intrusion within 1 h of the observed event, albeit with lower predicted concentrations. Finally,
this study highlights the difficulty of planning and implementing prescribed fires in a region where
complex terrain, vegetation, and weather patterns severely limit conditions for smoke dispersal that
would avoid health and safety impacts to nearby communities.
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Appendix B

Table A1. Wind speed bias and error, wind direction error, and percentage of calm observations for
day and night on 4 October 2014. Model data are from the 1-km-resolution North American Mesoscale
Forecast System (NAM) model operated by the National Centers for Environmental Prediction and
the 4-km-resolution Weather Research and Forecasting (WRF) model operated by the University of
Washington. Locations are listed from north to south. RAWS = remote automated weather station;
WS = wind speed; WD = wind direction. Calm winds indicate values under 0.25 m·s−1.

Meteorological
Model Location Station

Type Time WS Bias
(m·s−1)

WS Error
(m·s−1)

WD Error
(◦) % Calm

1-km NAM Lava
Butte

RAWS Day 0.18 0.50 81.48 25%
Night −0.35 0.64 20.39 0%

1-km NAM Round
Mountain

RAWS Day −1.77 1.77 45.99 0%
Night −0.75 1.19 80.49 0%

1-km NAM Tumalo
Ridge

RAWS Day −1.17 1.22 55.46 0%
Night 0.24 0.51 36.40 0%

4-km WRF Lava
Butte

RAWS Day 0.21 0.35 50.86 25%
Night 0.19 0.74 8.99 0%

4-km WRF Round
Mountain

RAWS Day −1.58 1.60 60.88 0%
Night −0.84 1.36 84.46 0%

4-km WRF Tumalo
Ridge

RAWS Day −1.03 1.03 35.13 0%
Night 0.01 0.59 92.62 0%

Table A2. Wind speed bias and error, wind direction error, and percentage of calm observations for
4 May 2015. Model data are from the 4-km-resolution Weather Research and Forecasting (WRF) model
operated by the University of Washington. Locations are listed from north to south. WX = WatchDog
meteorological measurement station; PM2.5 = Met One Instruments, Inc. E-Sampler; RAWS = remote
automated weather station; WS = wind speed; WD = wind direction. Calm winds indicate values
under 0.25 m·s−1.

Location Station Type WS Bias
(m·s−1)

WS Error
(m·s−1)

WD Error
(◦) % Calm

Sisters Ranger
Station WX 4.99 4.99 31.58 13%

Bridges Boys
Academy WX 2.02 2.02 43.07 0%

Cascade Academy WX 2.16 2.16 49.95 38%
Tumalo Ridge RAWS 2.07 2.07 17.35 0%
Cascade Middle
School PM2.5 0.54 0.85 42.04 0%

Lava Butte RAWS 1.93 1.93 18.53 0%
Sunriver PM2.5 - - - 100%
Round Mountain RAWS 1.58 1.58 7.56 0%
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Table A3. Wind speed bias and error, wind direction error, and percentage of calm observations for day
and night on 5 May 2015. Model data are from the 4-km-resolution Weather Research and Forecasting
(WRF) model operated by the University of Washington. Locations are listed from north to south.
WX = WatchDog meteorological measurement station; PM2.5 = Met One Instruments, Inc. E-Sampler;
RAWS = remote automated weather station; WS = wind speed; WD = wind direction. Calm winds
indicate values under 0.25 m·s−1.

Location Station
Type Time WS Bias

(m·s−1)
WD Bias
(m·s−1)

WD Error
(◦) % Calm

Sisters
Ranger
Station

WX Day 3.88 3.88 27.45 25%

Night Calm Calm Calm 100%

Bridges
Boys
Academy

WX Day 1.66 1.66 38.34 0%

Night 1.30 1.30 Calm 86%

Cascade
Academy WX Day 2.14 2.14 46.67 13%

Night Calm Calm Calm 100%

Miller
Elementary WX Day 1.20 1.40 27.29 0%

Night 1.13 1.13 Calm 86%

Tumalo
Ridge RAWS Day 0.40 0.72 30.83 0%

Night −0.47 0.50 51.13 0%

Cascade
Middle
School

PM2.5 Day 0.92 0.92 29.58 0%

Night 0.16 0.25 107.52 0%

Lava Butte RAWS Day 2.48 2.48 33.71 0%
Night −1.07 1.53 Calm 57%

Sunriver PM2.5 Day −1.56 1.64 63.74 0%
Night 0.00 0.73 123.69 0%

Round
Mountain RAWS Day 1.27 1.27 7.69 0%

Night −0.71 0.87 14.19 0%

Table A4. Wind speed bias and error, wind direction error, and percentage of calm observations for day
and night on 28 May 2015. Model data are from the 4-km-resolution Weather Research and Forecasting
(WRF) model operated by the University of Washington. Locations are listed from north to south.
WX = WatchDog meteorological measurement station; PM2.5 = Met One Instruments, Inc. E-Sampler;
RAWS = remote automated weather station; WS = wind speed; WD = wind direction. Calm winds
indicate values under 0.25 m·s−1.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Sisters
Ranger
Station

WX Day 2.01 2.01 Calm 75%

Night Calm Calm Calm 100%
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Table A4. Cont.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Bridges
Boys
Academy

WX Day 1.08 1.35 51.25 0%

Night Calm Calm Calm 100%

Cascade
Academy WX Day 1.29 1.29 50.08 25%

Night Calm Calm Calm 100%

Miller
Elementary WX Day 2.26 2.26 49.34 50%

Night 0.06 0.06 Calm 86%

Tumalo
Ridge RAWS Day 0.91 0.95 54.46 0%

Night 0.00 0.94 93.37 0%

Cascade
Middle
School

PM2.5 Day 0.48 0.60 61.93 0%

Night 0.02 1.16 108.17 0%

Lava Butte RAWS Day 1.47 1.47 25.94 0%
Night −0.55 0.87 Calm 57%

Sunriver PM2.5 Day −0.30 1.13 68.54 0%
Night 0.82 1.31 125.68 0%

Round
Mountain RAWS Day 1.18 1.30 74.58 0%

Night −1.37 1.37 86.29 0%

Table A5. Wind speed bias and error, wind direction error, and percentage of calm observations for day
and night on 5 June 2015. Model data are from the 4-km-resolution Weather Research and Forecasting
(WRF) model operated by the University of Washington. Locations are listed from north to south.
WX = WatchDog meteorological measurement station; PM2.5 = Met One Instruments, Inc. E-Sampler;
RAWS = remote automated weather station; WS = wind speed; WD = wind direction. Calm winds
indicate values under 0.25 m·s−1.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Sisters
Ranger
Station

WX Day 3.22 3.22 Calm 63%

Night Calm Calm Calm 100%

Bridges
Boys
Academy

WX Day 0.81 0.84 28.52 0%

Night 1.68 1.68 8.96 43%

Cascade
Academy WX Day 3.63 3.63 30.81 0%

Night Calm Calm Calm 100%
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Table A5. Cont.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Miller
Elementary WX Day 3.04 3.04 28.52 0%

Night Calm Calm Calm 100%

Tumalo
Ridge RAWS Day 1.61 1.61 18.25 0%

Night 0.82 0.82 42.75 0%

Cascade
Middle
School

PM2.5 Day 1.65 1.65 35.82 0%

Night 1.02 1.02 121.68 0%

Lava Butte RAWS Day 3.87 3.87 23.98 0%
Night 0.64 0.64 Calm 71%

Sunriver PM2.5 Day 0.38 0.38 6.97 0%
Night 1.80 1.80 99.23 0%

Round
Mountain RAWS Day 2.44 2.44 35.94 0%

Night −1.46 1.46 128.72 0%

Table A6. Wind speed bias and error, wind direction error, and percentage of calm observations for day
and night on 6 June 2015. Model data are from the 4-km-resolution Weather Research and Forecasting
(WRF) model operated by the University of Washington. Locations are listed from north to south.
WX = WatchDog meteorological measurement station; PM2.5 = Met One Instruments, Inc. E-Sampler;
RAWS = remote automated weather station; WS = wind speed; WD = wind direction. Calm winds
indicate values under 0.25 m·s−1.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Sisters
Ranger
Station

WX Day 2.14 2.14 58.62 38%

Night Calm Calm Calm 100%

Bridges
Boys
Academy

WX Day 1.29 1.29 37.76 0%

Night Calm Calm Calm 100%

Cascade
Academy WX Day 1.95 1.95 45.75 13%

Night Calm Calm Calm 100%

Miller
Elementary WX Day 2.66 2.66 25.99 0%

Night Calm Calm Calm 100%

Tumalo
Ridge RAWS Day 0.93 1.03 22.56 0%

Night −0.34 0.57 67.89 0%

Cascade
Middle
School

PM2.5 Day 1.00 1.00 39.05 0%

Night −0.19 0.91 88.94 0%
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Table A6. Cont.

Location Station
Type Time WS Bias

(m·s−1)
WS Error
(m·s−1)

WD Error
(◦) % Calm

Lava Butte RAWS Day 2.28 2.28 15.47 0%
Night −0.15 0.36 69.37 14%

Sunriver PM2.5 Day 0.10 0.57 9.15 0%
Night 0.30 0.78 85.12 0%

Round
Mountain RAWS Day 1.70 1.70 48.04 0%

Night −0.88 1.08 76.09 0%
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