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INTERNATIONAL ASSOCIATION
or WILDLAND FIRE

The International Association of Wildland Fire (IAWF) is a non-profit, professional association representing
members of the global wildland fire community. The purpose of the association is to facilitate
communication and provide leadership for the wildland fire community.

The IAWF is uniquely positioned as an independent organization whose membership includes experts
in all aspects of wildland fire management. IAWF's independence and breadth of global membership
expertise allows it to offer a neutral forum for the consideration of important and at times controversial,
wildland fire issues. Our unique membership base and organizational structure allow the IAWF to
creatively apply a full range of wildland fire knowledge to accomplishing its stated mission.

Vision: To be an acknowledged resource, from the local to global scale, of scientific and technical
knowledge, education, networking and professional development that is depended on by members and
partners in the international wildland fire community.

International Journal of Wildland Fire

Our official fire science journal, published on our behalf by CSIRO, is dedicated to the

advancement of basic and applied research covering wildland fire. IAWF members

have access to this leading scientific journal online, as a members benefit. For those

members who want to receive the hard copy version of the journal, they may receive
it at the IAWF discounted rate of US $225, which includes your IAWF membership
and a 1-year subscription to WILDFIRE.

WILDFIRE Magazine

All IAWF members receive WILDFIRE magazine, official publication of the IAWF. Our
authors submit fire articles from all corners of the world and our topical editors cover
a broad array of important issues in wildland fire. We encourage you to submit articles
and photographs for inclusion in the magazine. www.wildfiremagazine.org.

There are so many reasons to become a member of the International Association of Wildland Fire but
most importantly, the opportunity to be a member of a professional association that is committed to
facilitating communication and providing leadership for the wildland fire community.

1418 Washburn

Missoula, Montana, USA

(01) (406) 531-8264

Toll Free from US & Canada: (888) 440-IAWF (4293)

www.iawfonline.org
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BUSHFIRE

+ NATURAL
HAZARDS CRC

The Bushfire and Natural Hazards Cooperative

Research Centre draws together all of Australia and New
Zealand's fire and emergency service authorities with the leading
experts across a range of scientific fields to explore the causes,
consequences and mitigation of natural disasters.

The CRC coordinates a national research effortin hazards, including
bushfires flood, storm, cyclone, earthquake and tsunami.

From July 2013, $47 million over eight years in Australian
Government funds under the Cooperative Research Centres
Program have been matched by support from state and territory
government organisations, research institutions and NGOs.

Research partners include universities, Bureau of Meteorology
and Geoscience Australia, and several international research
organisations.

The research program has developed under the direction of the
researchers and end-user agencies. The research has three major

themes covering 12 clusters of projects, most of which span the
priorities of those working in a multi-hazard environment.

www.bnhcrc.com.au
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WELCOME

International Association of Wildland Fire (IAWF) is extremely
proud to present the 5th International Fire Behavior + Fuels
Conference, co-sponsored by IAWF and Bushfire and Natural
Hazards CRC of Australia and held concurrently in Portland,
OR, USA, and Melbourne, Australia. This conference is being
presented to bring focus to the many issues associated
with fuels, fire behavior, large wildfires, and the future of fire
management.

Much attention is being given to wildland fire management.
It seems with each passing year we recognize escalating
complexity, increasing risk, and mounting challenges. Wildland
fire management cannot respond to current and future
challenges without actively enlarging its body of knowledge,
experience, and capabilities. Changing situations, what many
would characterize as worsening situations, must be anticipated
and responded to. Predictive entities continue to forecast
worsening fire seasons and continued droughts leading to
expectations of increasing numbers of fires, area burned,
burning intensities, and duration of wildfire activity.

As all of these elements of wildland fire are manifested, we see
that simply put, this is a wicked problem. How this occurred,
and what can be done about it are important considerations
for future strategic planning and operational management.
A significant number of research reports, national leader
presentations, political hearings, accountability reports, strategic
plans, and forward-looking plans state the problem and actions
for the future. It is commonly reported that the most extensive
and serious problem related to the health of wildland areas
is the over-accumulation of vegetation, which has caused
an increasing number of large, intense, uncontrollable and
destructive wildfires.

Significant issues abound. New solutions are needed. Obvious
targets like increased funding exist, but it is important to realize
that short-term fixes are less likely to have success and long-
term commitments, strategies, and actions are necessary.
Management of fuel complexes; accelerated fuel treatments;
preparation of communities to withstand wildfire; incorporation
of learning, experience, emerging science and technology; as
well as sustainable funding for wildfire suppression and fuel
treatments are vital for success.

The International Association of Wildland Fire (IAWF) Bushfire
and Natural Hazards CRC recognize these needs. We have an
unwavering commitment to promote increased involvement,
improved communication, escalated research, focused
education and training, and active management support to
help, promote success in wildland fire management.

This conference is designed to be innovative, revolutionary, and
provocative. It will provide a forum to facilitate discussion of the
latest relevant research findings, information dissemination
about management treatments, stimulation of policy
discussions, and inspire global fire management interaction.
Both venues will provide a stage having hundreds of oral and
poster presentations of new research information, practical

experience lessons, and case studies; numerous knowledge and
skill building workshops; on-the-ground learning field trips and
tours; keynote and plenary presentations; and panel discussions
by leading experts in the field. Conference participants will be
able to share what is known, what needs to be learned, how
to advance knowledge, and how to use this knowledge to
effectively respond to increasing concerns.

On behalf of the International Association of Wildland Fire, all
conference sponsors and partners, | welcome all participants
and hope that this conference will meet, and even exceed
your expectations of increasing awareness, knowledge, and
capability in this important field in addition to networking
with peers to establish future avenues of discovery. We hope
that you will enjoy attending and gain significant information
from what promises to be the most informative, enlightening,
and powerful conference to date on fire behavior and fuels in
wildland fire management.

If you were not previously a member of the IAWF, you are
receiving a one-year membership in the association included
in your registration. By participating as an active IAWF member
you can help to improve communication between firefighting
organizations, enhance firefighter and public safety, increase our
understanding of wildland fire science, and improve our ability
to manage fire. Your membership in the IAWF provides you with
a connection to other wildland fire professionals from across the
world. Our membership, which is truly international, includes
professionals from the fields of fire ecology, suppression,
planning, contracting, fire use, research, and prescribed fire.
Our members are scientists, firefighters, mangers, contractors,
and policy makers. As an association, we are unique in that we
represent all areas of wildland fire management. Membership
benefits include, but are not limited, to the following:

WILDFIRE magazine - All members receive Wildfire magazine,
official publication of the IAWF published bi-monthly. Writers
send in wildland fire articles and news from all corners of
the world, and topical editors cover all the important issues
in wildland fire. We encourage you to submit articles and
photographs to our Wildfire Editorial Board for inclusion in the
magazine.

INTERNATIONAL JOURNAL OF WILDLAND FIRE - Our other
official publication of the IAWF, published by CSIRO, is dedicated
to the advancement of basic and applied research covering
wildland fire and is available as an additional membership
option. A discounted rate of US$225 for a 1-year subscription of
eight issues is offered to IAWF members; this includes a 1-year
membership and a subscription to Wildfire magazine - AND
free e-access to the “Journal’'s” abstracts and articles.

On behalf of the Board of Directors of the IAWF, thank you for
your support of our association.

Thomes.

Tom Zimmerman
IAWF President
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A 72-day Probabilistic Fire Growth Simulation used for Decision Support on a Large
Mountain Fire in Alberta, Canada

Neal McLoughlin*
Alberta Agriculture and Forestry, Edmonton, Alberta, CA, neal.mcloughlin@gov.ab.ca

Kelsy Gibos
Alberta Agriculture and Forestry, Edson, Alberta, CA, kelsy.gibos@gov.ab.ca

Introduction

Lightning ignited the Spreading Creek fire in the Rocky Mountain front ranges of west-central
Alberta on 3 July 2014. The ignition was in close proximity to an approved prescribed burn
planned for the Upper North Saskatchewan River valley. The prescribed burn was to contribute
to a 10-year disturbance target for the R11 Forest Management Unit. An overarching forest
management plan supported the use of prescribed fire to reduce the threat of large-scale wildfire
and create resilient forest ecosystems (Alberta Sustainable Resource Development 2007).

The fire was situated in a complex mountain environment with poor firefighter access.
Predominate vegetation included Lodgepole pine (Pinus contorta) in valley bottoms, and
Engelmann spruce (Picea engelmannii) and Subalpine fir (4bies lasiocarpa) on steep north-
facing slopes. Critically dry fuel moisture conditions contributed to several high-intensity crown
fire runs beyond the control of suppression resources. The fire spread east towards the Kootenay
Plains Ecological Reserve, south into the Siffleur Wilderness Area, and west into Banff National
Park. Incident command had the challenging task of balancing the merits of prescribed fire with
aggressive suppression.

The incident command team managing the fire requested a long-range assessment of potential
fire spread on 18 July. The team recognized that residual burning left on the landscape could
result in additional fire spread. The authors completed a 72-day probabilistic fire growth
simulation for the period 21 July to 30 September and presented their results to the incident
command team on 22 July. Simulation outputs quantified the likelihood of additional fire spread
and supported a strategic fire management plan for the remainder of the fire season.

We discuss our methodology used to assess long-range fire spread potential and present the
results of three retrospective analyses. First we evaluated the accuracy of our original modeling
approach. Next we investigated what the Spreading Creek fire might have burned in the absence
of suppression. Finally, we explored how our long-range assessment may have supported initial
response decisions had we completed it on the first day of the fire.

Methods

The Prometheus fire growth simulation model (Tymstra et al. 2010) was used to produce
deterministic and probabilistic fire growth approximations for the 2014 Spreading Creek fire. All
fire growth simulations used noon weather records from the Kootenay Plains automatic weather
station (R4) located 18.5 km northeast of the fire's point of origin. The Prometheus model
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requires hourly weather inputs. Noon weather records and FWI System values were therefore
replicated 24 times for each historical day.

Deterministic fire growth simulations were based on weather and Canadian Fire Weather Index
(FWI) System values (Van Wagner 1987) from 2014. The last organized fire runs were observed
on 16 July, and a fire boundary captured during the afternoon of 17 July was within 48 ha of the
final area burned (8,961 ha). We therefore simulated fire growth for the period 3 to 17 July to
evaluate the accuracy of our modeling approach against observed fire growth. A simulation for
the period 3 July to 30 September was used to investigate what the Spreading Creek fire might
have burned in the absence of suppression.

Probabilistic fire growth was modeled using weather records from the years 1994 to 2013.
Missing records were filled using archived records from weather stations located within a 100
km radius and +/- 400 m elevation of R4. We recalculated FWI System values for each historical
weather year using R4 moisture codes reported on 2 July 2014 as starting values (Table 1).

Table 1. Starting moisture codes used to recalculate FWI System
values for each historical year of weather from station R4.

Moisture Code Starting Value
Fine Fuel Moisture Code (FFMC) 93.5

Duff Moisture Code (DMC) 67.5

Drought Code (DC) 561.5

Separate fire growth outputs were generated for each historical weather year. Burn probability
was calculated by dividing the number of simulations that resulted in a cell burning by the total
number of simulations.

Static Inputs

Fuel data were clipped from the Government of Alberta's 2014 provincial fuel type grid
classified according to the Canadian Forest Fire Behavior Prediction (FBP) System (Forestry
Canada Fire Danger Group 1992). The primary sources of vegetation information used to create
the fuel type grid include the Alberta Vegetation Inventory and Alberta Ground Cover
Classification. Several areas of NoData were reclassified based on underlying natural subregion
classifications (Natural Regions Committee 2006). NoData values were classified as non-fuel
within the Alpine subregion, and as the C-3 fuel type within the Montane and Subalpine
subregions. The grass curing parameter for the O-1b fuel type was set at 40 %. A green-up
setting was applied to mixedwood and deciduous fuel types to account for deciduous leaf-out.

Elevation data were clipped from Shuttle Radar Topography Mission (SRTM) digital elevation
models. Prometheus generated slope and aspect grids from the elevation data provided.
WindNinja version 2.5.4 software (Forthofer 2007) was used to approximate the effect of local
topography on wind flow based on point initialization inputs for the R4 station location. Wind
direction and wind speed grids were provided for each of the eight main cardinal directions.



Proceedings for the 5th International Fire Behavior and Fuels Conference
April 11-15, 2016, Portland, Oregon, USA
Published by the International Association of Wildland Fire, Missoula, Montana, USA

The starting ignition for all simulations used the discovery time (3 July 21:18) and initial
assessment location (51.988983° N, -116.656067° W) for the Spreading Creek fire. Highways
11 and 93 were used as 15 m wide fuel breaks.

Model Parameterization and Calibration

Simulations were limited to four hours of burning per day to compensate for daily FWI System
values used throughout each 24-hour period. Daily FWI System values represent peak burning
conditions (Van Wagner 1987). We assumed four hours of burning under peak burning
conditions equivalent to a day of burning given typical diurnal weather and fuel moisture trends.

Fire growth was additionally constrained to days when station R4 reported a FWI > 29. Podur
and Wotton (2011) recommended a threshold of FWI > 19 for modeling the growth of large fire
over a multi-day period. However, their study focused on fires that occurred in the boreal regions
of Ontario and Alberta. Fire behavior observations validated that a threshold of FWI > 19 was
too low for predicting the difference between spread and non-spread days for this mountain fire.
Fire growth predictions during the incident were more reasonable using the FWI > 29 threshold.

Prometheus does not model fire extinguishment. Xianli ef al. (2014) used Duff Moisture Code
(DMC) < 20 to identify substantial rain events (eg. 10-20 + mm) that effectively extinguish a
fire. We used this DMC threshold to specify the earliest end date for each simulation.

Breaching was applied to all simulations. This parameter allows a simulated fire to cross a vector
fuel break or non-fuel grid cell whenever the width is less than 1.5x flame length. Fire control
lines and air tanker drops that took place during the Spreading Creek fire were not incorporated
into any of the simulations. However, we ended the deterministic simulation used to evaluate
accuracy of our modeling approach on 17 July to account for suppression activities prematurely
extinguishing portions of the fire perimeter.

Results

Evaluation of Modeling Approach

The Spreading Creek fire burned 8,961 ha. Our modeling approach which used daily fire weather
inputs and several fire spread thresholds over predicted fire growth by 6,798 ha on the east and
west ends of the fire (Figure 1a). The simulation did not predict the 200 ha excursion that
occurred on the north side of Highway 11.

Potential Area Burned in the Absence of Suppression

Deterministic simulation outputs for the period 3 July to 30 September suggest the Spreading
Creek fire might have burned 112,778 ha in the absence of suppression. The irregular fire shape
in Figure 1a highlights strong topographic channeling on fire spread.

Probabilistic Assessment of Long-Range Fire Spread

Fire growth simulations for 20 years of weather records produced fire sizes from 0 to 129,795 ha.
Burn probabilities from 0.51 to 0.90 aligned best with the final fire perimeter (Figure 1b). Burn
probabilities from 0.05 to 0.10 aligned best with our 2014 simulation that assumed no
suppression. The simulation that used weather records from 2003 produced the largest area
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burned and accounts for the 0.5 to 0.10 probability contour . The 2003 simulation was most
similar to our 2014 simulation with respect to fire size, shape, and extent. A repeating 8 to 10
year gap was observed between R4 weather records conducive to large fire growth.

Figure 1: Deterministic (a) and probabilistic (b) fire simulation outputs for the 2014 Spreading Creek fire.

Potential fire spread days (FWI >
29) that occurred in the 20
historical weather years were
summarized by month to provide
insight as to when large fire
growth is more likely. The greatest
number of potential spread days
were expected in July, and the
least in September (Figure 2a).
The number of potential spread
days in 2014 were above average

in both July and August. The
distribution of potential spread days  Figure 2: Monthly box and whisker plots (a) and distribution (b)

suggests there are typically 0 to 10 of potential fire spread days (FWI > 29) for the period 3 July to
days conducive to large fire growth 30 September based on 20 years of weather records from station
befween 3 July and 30 September R4. The red dots and vertical line show the number of potential

spread days reported in 2014.
(Figure 2b). Station R4 reported 34
potential spread days in 2014.
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The median date of fire-ending events (DMC < 20) used in our analysis was 17 Aug (Figure 3).
The first fire-ending event reported by station R4 in 2014 did not occur until 10 September.

Figure 3: Box and whisker plot of fire-ending events applied to probabilistic fire growth simulations. The red
dot is the expected date of extinguishment for the 2014 Spreading Creek fire in the absence of suppression.

Discussion

Deterministic simulation outputs suggest that our modeling approach overestimates area burned.
There are several factors that likely explain this result. First, we did not account for suppression
activities that slowed or extinguished parts of the fire perimeter. Second, we did not account for
minimal fire growth from 11 to 15 July due to heavy smoke trapped in the valley. Finally, aerial
ignition operations conducted in Banff National Park on 9 July created a large smoke column
that shaded and calmed fire behavior at the east end of the fire. We suggest that our modeling
approach provides realistic predictions of fire spread direction. Area burned predictions are more
likely representative of a free burning fire with no suppression influence. Assuming no
suppression, the 2014 Spreading Creek fire had potential to burn 112,778 ha. A fire of this
magnitude would have impacted numerous values located along Highways 11 and 93. Yet our
results suggest a low probability (0.05 to 0.10) of fire growth > 100,000 ha.

Original model outputs were presented to the incident management team 19 days after the fire
was detected, and six days after the last organized fire run. Strategic fire management decisions
were supported by nearly one month of fire behavior observations, model outputs, and certainty
in established control lines. What if model outputs were available on the date of detection when
little was known about the fire? Maguire and Albright (2005) describe mental shortcuts that
commonly lead to overly risk-averse fire management decisions that appear inconsistent with an
organization's stated goals. We speculate that incident management would have focused on worst
case outputs despite their low probability of occurrence resulting in a similar initial response.
However, this information may have also supported the early formation of a strategic
suppression response by drawing attention to locations well ahead of the active fire perimeter.

There are no standards or guidelines regarding how best to incorporate probabilistic model
outputs into real-time fire management decisions. The best way to develop such standards or
guidelines is regularly provide probabilistic model outputs to incident management shortly after
fires are detected. This statement is perhaps most relevant to escape fires located in areas with
prescribed fire objectives. Mountain fires are rare in Alberta. Organization knowledge and
experience to effectively manage infrequent mountain fire regimes is difficult to obtain.
Alexander and Thomas (2003) describe case studies, field experience, and computer modeling as
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the best learning combination for fire practitioners. We hope this retrospective analysis
contributes to your learning.
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A Fire History Map of the White Cap Creek Watershed
in the Selway-Bitterroot Wilderness in Idaho

Valentijn Hoff*
National Center for Landscape Fire Analysis, Missoula, Montana, USA,
valentijn.hoff@firecenter.umt.edu

Introduction

Fire is a powerful process in many ecosystems in the Northern Rocky Mountains. Remote areas
provide opportunities for fires to burn without suppression, while not endangering human life
and threatening infrastructure. Fire consumes organic matter, thus changing the structure and
composition of the vegetation with great spatial and temporal variation. When looking at the
White Cap Creek watershed between 1889 and 2013, the resulting mosaic, although unique to
this place and time, can be an example for fire management in many other areas. This map
displays the mosaic of fire history and aims to inspire a conversation on the role of fire in a
wilderness area.

Area Description

The White Cap Creek drainage is a remote area in the 485,600-hectare Selway-Bitterroot
Wilderness, bordered by the Selway River in the west and the Idaho-Montana border in the east
(Figure 1). The Bitterroot National Forest West Fork Ranger District manages this part of the
Wilderness. The watershed is on the west slope of the Bitterroot Mountains. The elevation
ranges from a low of 930m at the confluence of White Cap Creek and the Selway River, up to
2680m at the summit of Vance Mountain. Located just south of the 46th parallel in the Northern
Rocky Mountains, where the maritime influence of the Pacific starts to give way to a more
continental climate, the area contains large gradients of temperature and moisture. This creates a
variety of vegetation types, leading to a variety of fuel types, fire return intervals and thus spatial
and temporal fire interactions. Coniferous forests dominate the area, with Engelmann spruce
(Picea engelmannii) and subalpine fir (Abies lasiocarpa) dominating higher elevations, Douglas-
fir (Pseudotsuga menziesii), and ponderosa pine (Pinus ponderosa) forests in the lower elevations
and on south facing slopes. Smaller areas consisting of meadows, sub-alpine woodlands,
lodgepole pine (Pinus contorta) forests and deciduous shrubs are also present. At the higher
elevations, snow lingers into late spring and early summer. Fire growth is sometimes limited by
rocky areas on ridgelines. The only infrastructure in the area is the Paradise Guard Station with a
log cabin and campground, located at the confluence of White Cap Creek and the Selway River.
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Figure 1: The fire history map of the White-Cap Creek watershed in Idaho. The original size of this map is 27" by 46”.

Fire History

In 1970, the White Cap Creek area became home to a radical experiment: letting fires burn. In
1972, the lightning caused Bad Luck Creek fire burned for 4 days, the first time a fire ran its
course since aggressive suppression began in the aftermath of the 1910 fires. It grew to only 24
x 24 feet (Smith, 2014). Fire control efforts in the middle of the twentieth century were very
effective and did reduce the number of acres burned (Habeck and Mutch, 1973). Many fires
have burned since in this area, creating the burn mosaic of a natural fire regime. Fires are
sometimes limited in growth by previous fires, and sometimes burn on previous fires; indicating
a complex relationship between time-since-fire, previous fire severity and fuel conditions (Teske
et al,2012). The prescribed natural fire program in the Selway Bitterroot Wilderness has been
successful in returning fire as a natural process, but there has been a decrease in low severity
fires in recent times, compared to pre-settlement (Brown et a/, 1994).
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Cartography

Typography lends itself well for displaying fires on a map. Spatial features displayed using
typography lack the hard lines of the usual fire perimeter polygons. Because, especially in fires
that burned a long time ago, the exact location of perimeters is unknown; these perimeters do not
have a false level of precision. Each fire is approximately covered by one to many ‘years’ on the
map. Typography also allows for easy display of fires burning in the same area, but years apart
(Figure 2). The various burn years comingle, allowing for quick visual confirmation of the
spatial and temporal mosaic. The cool color gradient used to display relief contrasts with the
warm colors used for the fires. The darker blue-green at the lower elevations leading to the
white on the highest ridgetops coincides with the vegetation gradient. Typography also alleviates
the need for a legend, as the text on the map indicates the year when a fire burned in conjunction
with the area affected by the fire. The fonts used on the map complement each other. The text is
set in Adobe Garamond Pro, the title is set in Franklin Gothic Medium. Fire years are set in Gill
Sans MT, mountain names are in italic Gill Sans MT, streams are in Adobe Garamond Pro. The
author used ESRI ArcGIS (ESRI Inc.) for spatial data processing and analysis, and Adobe
[lustrator (Adobe Systems Inc.) for map production.

Figure 2: This is a portion of the map showing the area around Paradise Guard Station in detail. Typography shows the
interactions between fires over many decades.
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A NOVEL FOREST FIRE PREDICTION TOOL UTILIZING FIRE WEATHER AND MACHINE
LEARNING METHODS
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INTRODUCTION

Wildfires are an essential and natural part of ecosystems that help restore them. Many species
of plants rely on such fires to cleanse the environment for better regeneration and growth.
Additionally, they have the potential to support the growth of thriving native species while
eliminating invasive species. The result is most often a newly created ground perfect for the future
plants that still live. It is a catalyst for promoting biological diversity and keeping ecosystems
healthy. Despite their integral contributions to the environment, wildfires also threaten people and
property, especially when they are unable to be contained (Fried ez al. 2004). We have been able
to keep the advantages of wildfires much greater than its disadvantages, but due to climate
change, fire seasons are becoming uncontrollable, and there is a need for a more efficient
management system. Better fire forecasting becomes more and more crucial to retain a balanced
relationship between wildfires, humans, and the environment. The purpose of this work is to aid
these management agencies on planning and strategy to efficiently manage wildfires and being
prepared to contain hazardous, unwanted fires.

There has been a spark of interest in the use of data mining in the field of wildfire
management. Many techniques have been developed in attempt to increase fire awareness (Lee et
al. 2002; Cruz et al. 2005; Alonso-Betanzos et al. 2003; Vega-Garcia et al. 1996; Hsu et al.
2002; Stojanova et al 2006; Sitanggang ef al. 2013). In Portugal, an attempt was made to predict
the number of acres future wildfires would burn using machine learning methods combined with
regression techniques, based on weather attributes and the Fire Weather Index (FWI) for
wildfires. The method is unique in that it takes advantage of easily obtainable fire and weather
information from existing local sensors. However, this model used a continuous method which
resulted in relatively poor prediction accuracy (Cortez ef al. 2007). In addition, the database used
was limited to the Fire Weather Index and basic meteorological variables, and a limited range of
time. The machine learning methods used included Decision Trees, Random Forests, SVM,
Neural Networks and Naive Bayes. The best configuration developed utilized the SVM method.
In contrast to these previous works, this work introduces improved novel Machine Learning
(ML) methods, where the emphasis is on predicting future forest fire intensities with the use of
real-time and easily-obtained meteorological data from existing local sensors. This work is
demonstrated on a complete database with an optimized training set of historical weather
attributes, and optimized machine learning methods. The result of the prediction will be
discretized in the terms of the magnitude of the fire, as needed by fire management agencies.
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MATERIALS AND METHODS
Fire weather database

The data collected from local sensors by the Northwest Interagency Coordination Center was
used for testing and developing the tools in this work. The data includes the monthly averages of
ten different relevant fire weather attributes including National Fire Danger Rating System
(NFDRY) indices.

The attributes are: 100 hour dead fuel moisture (F100), 1000 hour dead fuel moisture (F1000),
Live Fuel Index 1-100 (LFI), Sum of Rain Duration in hours (RainDur), Sum of Rain Amount in
inches (RainAmt), Average Temperature in °F (Temp), Maximum Temperature in °F (Max
Temp), Minimum Relative Humidity % (MinRH), Wind Speed in mph (Wind), and Duff
Moisture Code (DuffMC)

Each of these attributes of the fires in the database is multiple-valued, and this data was
integrated from the 12 predictive service areas in Oregon and Washington States over a time
period of 32 years. Each of the 1443 instances includes the number of acres burnt by the fire.

Machine learning methods

Six different machine learning methods were selected and used in the Orange Machine Learning
software suite on the fire weather data. Three are based on multiple-valued logic: a Disjunctive
Normal Form (DNF) rule based method, Decision Trees, and Naive Bayes (Barber 2012;
Alpaydin 2014). The other three are based on continuous representation: the Support Vector
Machine (SVM) along with the radial basis and polynomial kernel functions. As a result of the
varying concepts these methods are based on, one cannot be absolutely named better than another;
their ability to optimize with precision is dependent on the type of data that is being tested. We
intentionally selected different types of methods and different representations, with the intent to
find the best method with the data (Zupan et al. 2007).

Strategically testing and selecting the attributes

For each of the 7 intensity levels, the machine classifies the fire into one of two categories — less
than or greater than a specific number of acres burnt. This is done multiple times as shown in Fig.
1 resulting in the discovery of the final intensity of the fire. The 10 fire weather attributes utilized
in this work were tested in different combinations to confirm their relevance to the intensity of a
wildfire. The Support Vector Machine and rbf kernel were used on each attribute individually to
identify their individual potential for predicting the intensity of a fire. The 10 attributes are ranked
from the highest to the lowest average accuracy.

Fig. 1. Final FFPT illustration

Fig. 2 illustrates how the best set of input data is determined using the two support vector
machine methods. The “4 best attributes” and “7 best attributes” are determined from the previous
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step; individual accuracies are used to rank them by importance. The “Medians of attributes”
option takes the median value of each of the 10 attributes and uses those single values to train on
the data. These four training set options are used to train a linear SVM as well as the radial basis
function (RBF) kernel SVM using a 97%/3% training/testing set on randomly selected data. This
is repeated 5 times for each method to see which preprocessing option gives the highest accuracy
and ultimately the optimal training set that will be used to test each of the six different machine
learning methods later.

Fig. 2. Determining best set of input data and applying to 6 ML Methods to develop FFPT

Applying six methods on selected attributes to optimize FFPT

Acres Burnt

Classification

Fig. 3. Classification levels used by FFPT

Once the most optimal training set was determined, this set of data was used to train on all 6
different machine learning methods using the same 97%/3% training/testing method repeating on
each intensity/method combination 36 times using randomly selected data each time. The tool
was made to classify fires into one of 6 specific intensity levels as shown in Fig. 3 where intensity
levels 0 and 1 — none and very small — were combined together in the testing. For each of the
1443 instances used in this work, the machine must perform as many as 6 different separations
between the two adjacent intensity levels, varying depending on its specific fire intensity level.
For example, for the “huge” fire, all six separations must be done, as the tool will keep asking if
the fire is smaller than a certain number of acres until it reaches the final stage of classification.
However, for fire level “none”, only the first separation is necessary, as the tool simply asks if
there is a fire or not, and if not, then the tool reaches the conclusion “none”. This process is
illustrated in Fig. 1. Six different machine learning methods and six different intensity separations
result in a total of 36 accuracies. These values are the result of the mean of the accuracies from
the 30 random trials in previous step. Finally, each of the six machine learning methods was given
an overall average accuracy.
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RESULTS AND DISCUSSION

Fig. 5-7 show the accuracy results of each of the 10 attributes tested individually with the
support vector machine, the 6 ML methods accuracy for each of the 7 intensity levels, and the
final master average accuracies of each version of the FFPT respectively.
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Fig. 5. Accuracy of each individual attribute using SVM

The results in Fig. 5 show each of the 10 attributes’ individual accuracies when tested with a
97%/3% training/testing set. Clearly the top 4 attributes are Rain Duration, Minimum Relative
Humidity, F1000, and F100. The top 7 attributes additionally include the LFI, Wind, and
Temperature. These two sets of attributes, along with the set of all attributes and the set of all
attributes’ median values, are tested with 2 machine learning methods in the next step to
determine which of these sets of attributes is the optimal training set.

Using 7 attributes with the rbf Kernel SVM gave a much higher accuracy than when using 4
attributes. The least optimal training set was the one that was using median values. Rbf Kernel
SVM is almost always better than the Linear SVM. These results determine that in all future
steps, all attributes — as opposed to a select few — are used to train the 6 machine learning
methods, as they all have a significant role to play in the intensity of a fire.
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Fig. 6. Accuracy of each machine learning method for predicting each of the 7 intensity levels of wildfires
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The trend seen in Fig. 6 for all 6 methods shows that this tool is most accurate at predicting
very small fires or very huge fires, and the accuracy drops by some margin as the intensity level
nears the center of the pool of data. This can be explained, because for classifying mild fires, the
machine learning process has to deal with an equal amount of data on both sides of the
separation. Looking at whether a fire is huge or not, on the other hand, is much easier with
almost all of the data being less intense than “huge” and only a small portion of months with
extreme weather conditions that resulted in the burning of more than 100000 acres of land.
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Fig. 7. Average accuracy for each machine learning method

Fig. 7 gives the final average accuracies of each machine learning method when tested on all
attributes with a 97%/3% training/testing set. The DNF rule based method gives the highest
average accuracy at 97.8%, and a maximum accuracy of 98.8% when predicting huge fires. With
so much data from the past 32 years — 1443 months of fires — the DNF method shows the best
ability to optimize the large data set with precision. Its lowest accuracy when classifying fires
into very small vs. mild fires stayed very high at 96.3% unlike the other 5 methods whose
accuracies all dropped significantly by at least 25%.

In this work a novel tool for forecasting wildfires was developed, providing a specific intensity
level for a given fire based on the amount of land it would burn. Forecasting of wildfire intensity
levels is dependent on the accuracy of weather attribute forecasts. An important factor to consider
is that despite the rain duration’s high impact on the intensity of a fire, methods to predict this
variable are much less accurate than others such as rain amount. The importance of this prediction
tool lies with the wildfire management agencies’ need to increase awareness of burning wildfires
in order to make an educated decision as to which events require the most or least attention.

CONCLUSION

Our results support the expectation that the newly developed tool will perform with highly
accurate information, ultimately benefitting fire managers in their preparations, resource
allocation, and minimizing additional assistance for unexpected intense wildfires. A novel Forest
Fire Prediction Tool (FFPT) utilizing a disjunctive normal form (DNF) based method was
developed and used for wildfire prediction for the Pacific Northwest United States. This method
was the best chosen out of six different machine learning methods all tested with random
selected data from the historical fire weather database of the past 32 years. In contrast to
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previous methods of fast fire detection, this tool makes it possible to enable proactive resource
management for firefighting response teams, promoting the conservation of valuable resources.
This will inevitably result in a significantly higher control and balance of large fires as well as
lowered costs for land restoration.

Results showed that of the six machine learning methods used, given a 97%/3%
training/testing combination, DNF rule based method, used with all 10 fire weather attributes
gave the highest average accuracy of 97.8%, the highest accuracy reported for forest fire
intensity prediction in literature. The prediction accuracy is higher for small and large scale fires.
This tool will result in a much greater awareness for wildfire management, allowing response
teams to conduct accurate planning and decision making.
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Introduction

Active fire detection products from the VIIRS and MODIS instruments on polar-orbiting
satellites provide planet-wide fire detection at resolutions from 375 m to 1.1 km, every 6 to 12
hours. Because the data products are continuously available online, they present an attractive
data source for automated fire behavior simulations and forecasts. Active fire detection was used
to initialize simulations previously (Coen and Schroeder, 2013). However, the scale of fire
simulation is typically finer (30m-200m) than the scale of the satellite fire detection, there are
false positive and false negative errors as well as geolocation errors, and there is no detection
under clouds (Hawbaker et al., 2008, Schroeder et al., 2014). For these reasons, we use satellite
detection to improve fire simulation in a statistical sense only, rather than as a direct input.

Level 3 products, used in in Mandel et al. (2014b), are already fused from multiple
satellite sources as detection squares in arbitrary locations, which provides convenience but loses
information. Consequently, they are not recommended for science use (Giglio, 2015). Level 2
products, used here, are grid based, and provide cloud information and confidence levels of
detections. Unfortunately, no confidence level is available for water or ground detection with no
fire. Level 2 active fires data come as granules, which are areas under the satellite path over
about 5 minutes of flight (Fig. 1). A granule may or may not contain the area of interest, or it
may intersect it only partially (Fig. 2).

*
Department of Mathematical and Statistical Sciences, University of Colorado Denver, Denver, CO 80217-3364.
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Figure 1. A MODIS Active Fires detection granule in
false colors: blue=water, green = groud, grey= cloud,
red = fire, white = no data. The fire pixels are too small
to see on this scale.

Methods
Model

Figure 2. VIIRS Active Fires detection in false colors
same as in Fig. 1, shown with the fire perimeter and
ground wind field from WRF-SFIRE simulation of
2013 Patch Springs fire, UT. The granule only
partially intersects the area of interest, and there is
a significant cloud cover.

We are using the coupled atmosphere-fire model WRF-SFIRE (Mandel et al., 2009; 2011;
2014a), which combines the community WRF model (Skamarock et al., 2008) with the fire
spread implemented by the level set method. A limited version of the software from 2010 is
contained in WRF release as WRF-Fire (Coen et al., 2013). For data assimilation, the fire state in
WREF- SFIRE was encoded as fire arrival time 7, with a value given at every node in a grid on
the surface of the Earth. The fire arrival time can be modified and inserted back into the model.
The atmosphere model is then restarted from a checkpoint at a time in the past and driven by fire
heat fluxes generated by the modified fire arrival time, which allows the proper atmospheric
circulation to develop. At the time of the observation, the fire model and the two-way coupling
with the atmosphere takes over again. This technique was originally developed in the context of
ignition from a given fire perimeter (Mandel ef al., 2012; Kochanski et al., 2016), and it allows
multiple cycles of the model advancing in time and of new data being assimilated.

Data assimilation

The satellite data are assimilated in the fire arrival time using the Maximum Aposteriori
Probability (MAP) estimator (e.g., Stuart, 2010) from Bayesian statistics. Given forecast fire
arrival time 7° = T%(x,) on the simulation domain, we maximize the aposteriori probability

density
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which is equivalent to the penalized optimization problem for the log likelihood,

S S @y (T=txp)+ 5[ =17| " min

G (x,y)&G

Here, the first sum is over the granules G being assimilated, the second sum is over the grid
nodes (x,y) in the intersection of the granule G and the simulation domain, and cg(x,y) is the
confidence level of the granule G data at the location (x,y). When no data are available for the
location, e.g., because of a cloud, c(x,y) is taken to be zero. The quantity f; ., is the log
likelihood — the natural logarithm of the conditional probability of the observed value (fire
detection or non-detection) given the fire arrival time. The probabilities of fire detection in
MODIS and VIIRS pixels are available from statistical assessment of active fires detection by
comparison with high-resolution limited-area satellite imagery (Schroeder et al., 2008, 2014) and
logistic regression, as a function of the fraction of the sensor pixel on fire and of the largest
contiguous fire in the pixel. These are really a proxy for the fire intensity, which could not be
directly measured. We use the fire heat flux, which is available in the model, substituted in the
logistic function (Fig. 3), which results the shape of the fire detection log likelihood as a function

Figure 3. Derivation of the likelihood of detection as a function of the fire arrival time, by composition of the

heat release as a function of time (right), and the probability of detection as a function of the heat release (left).
of the time elapsed since the fire arrived at the
location (Fig. 4) as in Mandel et al. (2014b); the
tails model geolocation uncertainty. The
likelihood of a land/water pixel (i.e., no fire) is
determined from the property that the
probabilities of positive and negative outcomes
add up to one. In the second term, o >0 is the
penalty parameter, and the squared norm in the
penalty term is defined as

Figure 4. Log likelihood of positive and negative H Hz ( 52
ul| =~ f ul-
4 2

a
2\
a
detection as a function of time since fire arrival. L ; - ﬁj udx dy’ a>1,
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where the fractional power of the Laplace operator is implemented efficiently by Fast Fourier
Transform (FFT). The penalty term results in a preference for smooth changes in the fire arrival
time 7, and it prevents overfitting the estimate to uncertain and sparse data. The minimization

method is done by gradient descent preconditioned by A™', which results in spatially smooth
search directions. Ignition is treated as a constraint that the fire arrival time is fixed at the point
of ignition. One or two iterations are sufficient for acceptable results. See Mandel et al. (2014b)
for further details of the computational method.

Results
The method was tested on the 2013 Patch Springs fire. The simulation was done at a relatively
coarse resolution, 200m fire grid and 4000m atmospheric grid, thus mimicking the situation

Figure 5. Fire arrival time before the assimilation  Figure 6. Analysis fire arrival time, with the MODIS
(the forecast), with MODIS and VIIRS Active Fires and VIIRS Active Fires detections assimilated. The
detections. Fire detections in a horizontal plane fire detections tend to be more on the inside of

are from one satellite overpass. There are many the fire shape, which is rendered as transparent.

detections outside of the fire, indicating the need  The fire state has changed by data assimilation so
for an adjustment of the model state. almost all detections are now inside the fire.

when the simulation needs to run much faster than real time. The 9 days simulation period
started at 00:00 Augl1, 2013 GMT, and the fire ignited 2 hours into the simulation. The forecast
state, i.e., the result of the simulation, is shown in Fig. 5. Fig. 6 shows the analysis state, i.e., the
simulated fire arrival time with the fire detections taken into account.

Conclusion
We have presented a data assimilation technique, which modifies the state of the fire spread
model from Level 2 Active Fires MODIS and VIIRS data. The method incorporates confidence
levels and cloud mask, which are present in Level 2 active fires products, and it allows data
granules which intersect the simulation area only partially. The method can naturally use data
detection from multiple sources with different resolutions and detection characteristics.

Several improvements of the method are in progress. In preliminary experiments, the
method has shown to be stable in cycling mode, when observations are assimilated in batches
and the simulation continues. Detailed description will be presented elsewhere. Next, the
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likelihood of detection depends on the brightness in the whole MODIS or VIIRS pixel, as used in
the statistical assessments of the active fires detection (Morisette et al., 2005; Schroeder et al.,
2008, 2014). This approach follows the properties of the hardware (Cao ef al., 2014) and the
software (Schroeder et al., 2014) stack, in particular the discrete nature of the rows of the CCD
sensors in the imager hardware, which effectively integrate the signal over their pixels. Our
calculation of data likelihood currently does not follow these physical characteristics of the
instrument; rather, the data likelihood is evaluated at nodes of the fire simulation grid, which is
much simpler. While the actual scanning by the MODIS and VIIRS instruments is aligned with
the flight path of the satellite, we are using more convenient product resampled into GeoTIFF,
with the grid aligned with the latitude and longitude. Even if reasonable results were obtained, it
might be more accurate to compute the data likelihood from the actual Level 2 data pixels.

More realistic data likelihood should be developed. The current version of the method
assumes that the error in the fire arrival time is smooth, which is suitable for global changes.
A more sophisticated model of the state uncertainty might allow, e.g., easier change in the state
in locations where fire suppression activities are known to exist. With the increasing role of
Information Technology (IT) in fire management, this may become possible in near future.

Finally, our current method assumes a given fixed location of the ignition point. Work on
estimating the ignition point from uncertain and sparse detections is in progress (James Haley)
and it should eventually become a part of the optimization process.

The ultimate goal is a completely autonomous simulation of a wildland fire with no other
fire data than satellite sensing.
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Introduction

The purpose of this analysis is to evaluate the costs and consequences of wildfire in the upper
Mokelumne River watershed in the Sierra Nevada, California with and without fuel reduction
treatments. Results show that by thinning the forests and reducing hazardous fuels, the
probability, extent, and intensity of wildfire in the watershed are substantially reduced, leading to
quantifiable cost savings. In short, strategic fuels reduction treatments are a good investment and
produce multiple benefits to landowners, residents, and watershed interests and beneficiaries.
This treatment strategy for the project area is based on treatments commonly applied by local
public land managers. We used the fire model FSim to predict future wildfires in the watershed
based on historical patterns and subsequently applied the fuel treatment scenario to the model in
order to identify how wildfire characteristics would change in response. We then quantified the
financial costs and benefits, including biomass, carbon, and job impacts. It is important to note
that because our fire modeling was based on historic fire trends (last 30 years), our conclusions
may underestimate the costs and benefits associated with larger, more destructive fires that have
become more common in the Sierra Nevada over the last decade and are projected to increase
with climate change.

We used the fire simulations to identify the effects of fire directly on assets, including homes,
roads, transmission lines, and timber resources. We also estimated the fire suppression costs and
carbon emissions, both with and without fuel treatment. We utilized the GeoWEPP and Debris
Flow erosion models to evaluate the effects of fire on sediment erosion, and modeled the
transport and impact of that sediment on water storage, diversion, and conveyance infrastructure
for the utilities in the watershed.

This study shows that the total quantified benefits of fuel treatment in this basin would far
exceed the costs of treatment if fires would occur over the next few decades after treatment. The
benefits accrue to a wide range of land and water managers and owners, public and private
entities, and taxpayers and electric and water utility ratepayers in general. Figure 1 shows that
not all fuel treatments were within the vicinity of the five fires. This demonstrates that we
include costs for fuel treatments that did not directly provide fire protection in our modeled
scenario, just as the reality that not every area treated will experience wildfire. All told, the
benefits we accounted for in this study due to fuel treatments total between $116 and $211
million (Table 1). If the fires were to occur one year after the treatments were implemented, the
benefits would be pushed back by one year, leading to discounting (3 percent) and a shift in the
benefit range down to $113 to $205 million. Under either case, the quantified benefits are 2 to 4
times the costs (Figure 2).
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Figure 1: Locations of Fuel Treatments and Simulated Fires

Summary of Fuel Treatment Costs and Benefits

As a first step towards determining the potential costs and benefits, we first defined a potential
fuel treatment scenario, which was reviewed and refined by local land managers so that
techniques and costs were consistent with local practices. While a literature review suggests a
wide potential range of costs ($17-160 million) for our treatment scenario of 99,894 acres, based
on local information we estimate a one-time cost of implementing this scenario of approximately
$46 million.

Based on consultation with local BLM and USFS staff and prevailing market conditions, we
estimate the potential revenue from merchantable timber associated with the fuel treatment
efforts would be between $14-27 million under a 1-year treatment plan. Biomass chip revenue,
with sufficient demand, regional bioenergy generation capacity, and value added manufacturing,
could reach $12-21 million under the 1-year treatment plan.

The modeled wildfires would immediately damage and destroy infrastructure and assets. Homes,
businesses, and other public and private structures would be lost. Not including roads or utility
infrastructure, the structures in the areas that would have burned in the fire scenario without
treatments are worth $46 million. The change in the value of structures in high and medium
severity areas of the fires equates to $32 million, providing the range of structural values. While
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some structures might maintain residual value and only require repairs, others requiring total
demolition would have costs greater than simply the replacement construction costs because of
cleanup. It is also important to note that these costs are based on county assessor data, where
values are constrained by Proposition 13, not replacement cost values from insurance companies,
which could significantly increase the value of the structures saved compared with the
constrained assessor data.

Figure 2: Low and High Range of Fuel Treatment Costs and Total Quantified Benefits
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Estimate

For private landowners, parcels zoned for timber that do not burn as a result of treatment have
assessed value of $1.2 million. Public lands are managed for different objectives than private
timber parcels and as a result it is common to use half of the average hectare value of these
parcels to estimate the timber value on public lands. When applied to this study, the result is that
treatments helped to protect $1.9 million in public timber values, bringing the total of protected
timber resources to $3.1 million. Because the timber on public lands may or may not have ever
been removed from the forest, we apply its value only to the high benefit side of the avoided
costs, while protected private timber values are placed in both the low and high benefit
categories. We estimate road repair and reconstruction costs avoided to be $8.6 million.
Additionally, the cost savings from avoiding the repair and reconstruction of transmission lines
based on this scenario would be $1.6 million.

We estimate fire suppression cost savings to range from $12.5 to 20.8 million, and associated
post-fire recovery cost savings of $22.5 million. The avoided carbon emissions for fuel treatment
and reduced fire acreage ranges from $19 million, based on current market prices in California,
to $71 million when factoring in the social cost of carbon. The social cost of carbon does not yet
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reflect a revenue opportunity, but because of the high importance the State of California places
on climate change and associated regulations to reduce GHG emissions, we believe it is relevant
to show this value. When considering cost savings for utility operations in the upper Mokelumne,
the lost storage for water supply, discounted over 30 years, would be an estimated $1 million.
We do not include values for other potential effects on storage or disruptions in conveyance for
electricity generation; see Chapter 6 for discussion of potential risk in these areas.

All told, the benefits we accounted for in this study due to fuel treatments total between $126 and
$231 million. If the fires were to occur in the tenth year after the treatment, the 3 percent
discounted present value of the treatment would be $106 to $202 million ($86 to 176 million at 7
percent), accounting for the delay in avoided costs inherent with the unpredictability of when
severe fires would occur.

Table 1: Total costs and benefits for Fuel Treatment Scenario

Costs

Fuel Treatment $16,000,000 | $68,000,000
Benefits Low High
Structures Saved $32,000,000 | $45,600,000
Avoided Fire Cleanup $22,500,000 | $22,500,000
Carbon Sequestered $19,000,000 | $71,000,000
Merchantable Timber from $14.000,000 $27.000,000
Treatment

Avoided Suppression $12,500,000 | $20,800,000
Biomass from Treatment $12,000,000 | $21,000,000
Avoided Rqad Repairs and $10,630,000 | $10,630,000
Reconstruction

Transmission Lines Saved $1,600,000 $8,000,000
Timber Saved $1,200,000 $3,130,000
Avoided Sediment for

Utilities (water supply) $1,000,000 $1,000,000
Total Benefits 8126,430,000 | $230,000,000

Note: values rounded to significant figures.

Fire Modeling Implications

We based wildfire risk on the historical fire record; however, as the Rim Fire near Yosemite
National Park (which occurred while this study was underway) and other recent conflagrations
show, there are larger and higher intensity wildfires occurring today than in the past. As a result,
the historic context of our wildfire modeling may have underestimated the scale of future
wildfires in the watershed. We attempted to address this limitation with the climate change
scenario and by modeling five fires, yet even these fires are considerably smaller in area than the
single Rim Fire footprint (Figure 3). In short, the magnitude of the wildfire risk today may be
outside of the range that we could model and predict based on the historic record and as a result
our avoided costs and benefits may be similarly underestimated.
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Figure 3: Rim Fire Boundary Overlaid on Mokelumne Watershed and Simulated Fires

Distribution and Management Implications

This study suggests that the total quantified benefits of fuel treatment would very likely exceed
the costs of treatment if fires occur over the next few decades, which is a strong possibility.
These benefits accrue to a wide range of land managers and owners, public and private entities,
and taxpayers and ratepayers in general. We aggregated benefits from Table 1 by beneficiary to
develop Figure 3. It is not feasible to identify the precise breakdown of all benefit categories, but
we did break out benefits where data allow. For example, we allocated biomass and
merchantable timber benefits from fuel treatment by the breakdown of landownership within the
treatment footprints with roughly 36 percent federal and 64 percent private, with 3 percent
PG&E and 16 percent SPI (of the total public and private). And while the beneficiaries of carbon
sequestration or carbon credit sales would be quite broad, we allocate these benefits to the State
of California given the State’s climate GHG emission reduction goals and regulations. We also
assume the road repair costs would primarily accrue to the state, although some private, county,
and federal forest roads would also require repair and reconstruction.

As we show in Figure 3, the primary beneficiaries from our modeling scenario results are the
State of California, the Federal Government, and private property (owners and insurers) and
timber owners. In addition to the protection of its timber assets, the Federal Government would
also see substantial benefits through avoided fire suppression and recovery costs. Relative to
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overall benefits, the utilities’ benefits from our modeling scenarios are relatively modest, but
they acknowledge the value of reducing direct risk from fire to structures and transmission lines,
as well as disruptions in operation.

Figure 3: Fuel Treatment Beneficiaries
$250,000,000

$150,000,000 . W Private Timber
$100,000,000
B Residential Private Property Owners
$50,000,000
State of California
$0
M Federal Government
-$50,000,000
B Fuel Treatment Costs
-$100,000,000
Local Treatment Modeled Treatment Low Benefits High Benefits
Estimate

Our analysis demonstrates that the federal government has the potential to benefit from a wide
array of avoided costs to protect its revenue opportunities in the form of biomass and timber.
Private timber assets are extensive in the fire footprint areas as well. While the overall share of
benefits accruing to utilities in this particular watershed is proportionally low, the risk of
disruption to water supply can have impacts that might be considered more important than their
quantified market effects.'

Please see the full study for the numerous contributors to this research effort (full citation):

Buckley, M., N. Beck, P. Bowden, M. E. Miller, B. Hill, C. Luce, W. J. Elliot, N. Enstice, K. Podolak, E. Winford,
S. L. Smith, M. Bokach, M. Reichert, D. Edelson, and J. Gaither. 2014. “Mokelumne watershed avoided cost
analysis: Why Sierra fuel treatments make economic sense.” A report prepared for the Sierra Nevada Conservancy,
The Nature Conservancy, and U.S. Department of Agriculture, Forest Service. Sierra Nevada Conservancy. Auburn,
California. Online: http://www.sierranevadaconservancy.ca.gov/mokelumne.

! Addressing short-term water supply disruptions can be extremely costly for utilities, requiring
trucks to bring in emergency water supplies.
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Introduction

Mastication is becoming a common method for site-preparation, removing competition, and
altering ladder and surface fuels in forests and shrublands of the United States where land
managers are unable to use prescribed burning or treat biomass that has little to no commercial
value. Mastication does not remove biomass; rather biomass remains on site and the intent of this
treatment is to moderate fire intensity and severity by changing fuel bed characteristics. This is
accomplished by using various mechanical methods to chip, shred, or grind the canopy or
understory fuels and alter their distribution. Once on the ground, the fuels can be burned with a
low-intensity prescribed fire or left to decompose.

During the past two decades, several studies have looked into the characteristics of
particles and fuelbed layers created by the mastication (Kane et al. 2009; Stottlemeyer et al.
2015). Other studies have investigated how the fuel beds burn in lab settings (Ganteaume et al.
2011;) and under prescribed fires in the field (Kreye and Kobziar 2015). A small number of
studies have examined the ecological effects of mastication left on soil surface (Faist et al. 2015;
Perchemlides et al. 2008;) and when the masticated sites are burned (Mclver et al. 2013;
Southworth et al. 2011). One major component missing from past research, however, is insight
on what happens to the masticated materials when they are left on the ground where aging and
decomposition affects their flammability.

In this project, we examined several sites with different ages of masticated materials in
the Rocky Mountains. We examined the physical and chemical characteristics of masticated
particles to determine if these characteristics changed with age. Within the entire project, we
have examined fire behavior characteristics, smoldering, and soil heating properties in
experimental burns; and moisture adsorption and desorption characteristics in moisture
experiments. Based on total results, we will also recommend implementation parameters that
may alter the decomposition rate and fire behavior characteristics. In this paper, we will only
discuss the relationship of particle characteristics and chemical composition to age.
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Methods

Field measurements and material collection

Fifteen study sites were selected from northern Idaho to Arizona (Table 1). The primary
characteristics used to identify a study site included its primary vegetation (mixed conifer type),
mastication method, and age. Study sites located in northern Idaho were classified as “wet”
climate sites based on average annual rainfall; the remainder were classified as “dry” climate
sites.

Table 1: Field characteristics of study sites
(Ppine=Ponderosa pine, Doug fir = Douglas fir, NF=National Forest, EF=Experimental Forest)

Site Code | Location State | Dominant Species Treat date | Age of | Mastication type
material
Amber Boise EF ID Ppine 2004 10 Rotating head
AmberNew | Boise EF ID Ppine, Doug fir, snowberry 2010 4 Rotating head
BH Mix Black Hills EF SD Ppine, kinnikinnick 2012 2 Mower
BH Mow Black Hills EF SD Ppine, kinnikinnick 2012 2 Mower
DC1 Deception ID Western hemlock, western 2004 9 Rotating head
Creek EF white pine, larch, Clintonia
LG Santa Fe NF NM Ppine, bunchgrass 2006 8 Horizontal drum head
MEF Chip Manitou EF co Ppine, Doug fir, snowberry 2004 10 Chipped
MEF WS Manitou EF co Ppine, Doug fir, kinnikinnick 2005 9 Rotating head
PAL Santa Fe NF NM Ppine, sedge 2011-2012 2 Horizontal drum head
PR3 Priest River EF ID Western red cedar, hemlock, 2011 2 Horizontal drum head
white pine
PRCC1 Priest River EF ID Western white pine, western 2007 6 Rotating head
hemlock, larch
Skelton San Juan NF co Ppine, Doug fir, sagebrush 2010-2011 3 Rotating head
ul Univ.ldaho EF ID Ppine, ninebark 2014 0 Horizontal head
VC1 Valles Caldera NM Ppine, bunchgrass 2007-2008 6 Horizontal drum head
Nat. Preserve
VC2 Valles Caldera NM Ppine, bunchgrass, Ribes 2012 2 Horizontal drum head

Each study site consisted of a 30 x 50m macroplot (Figure 2). Fuelbed depths were collected at
three-meter intervals along the six vertical lines of the macroplot (small, regularly spaced vertical
dots on Figure 2). Depths included thicknesses for 1) fresh litter; 2) masticated mulch; 3) mixed
masticated and duff; 4) duff; and 5) mixed duff and soil.

Microplots (1x1m) were identified within the macroplot to systematically collect masticated
material for lab work. Material for analysis was collected according methods developed by
Hood and Wu (2006) within 0.5 x 0.5 quadrats in the lower left corner of the 1x1 m microplots.
Fuel layer depths were also taken at various points within the microplot. Thicknesses of the five
layers obtained from the 0.5 x 0.5 m plot (listed above) and total weights of microplot samples
were used to calculate bulk density of the field layers.

Particle and layer characteristics

Fuel samples were sorted into 15 shapes classes. The shapes included cylinder, pyramid
(triangle), rectangular parallelepiped, parallelepiped, ellipsoid, paraboloid, neiloid frustrum,
semi-cylinder, small wood chips, wood ribbon, bark ribbon, bark piece, bark chunk, duff, and
fresh litter. Each shape class was further sorted into 1h, 10h, and 100h size classes. Duff was
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Figure 2. Sampling scales used in this project including a 30x50 macroplot for depth measurements;

1x1 m for collecting depth measures and vegetation data (large blue squares); 0.5 x 0.5 m for collecting
depths and collection of masticated materials from fresh litter layer to bare soil depth (smallest blue-squares
within 1x1m). Red dot = random starting point for all 1x1 m plot placements.

cleaned of masticated material and fresh litter so that it consisted of material less than 6 mm
(0.25 inch) in diameter. Sorted fresh litter consisted of pine needles, cones, and other biomass
deposited after mastication.

Materials for the woody shape classes were counted for total number of particles and then
weighed. They were subsequently subsampled to at least 5% of the total number of particles.
The subsample particles were measured with a caliper, weighed as a group, and placed in an
oven at 90°C. Subsample loads were dried for at least 72 hours and then weighed to get the dry
weight load.

Particle density of individual pieces was measured by a displacement method using two non-
mixing liquids. This method was developed by Guillermo et al (2001) to measure the bulk
density of porous objects and was modified for this project to measure fuels.

Mineral content was obtained by heating samples from the duff portion of the sample in a muffle
furnace for 24 hours at 550°C then weighing the remaining ash.

Chemical characteristics

Four common shapes, including cylinders (round), triangles (3-sided), parallelograms (4-sided),
and wood litter (small chips<3mm thick), were tested for percentage of nitrogen and carbon
using a LECO Carbon Nitrogen Analyzer. The 892 samples from these shapes were ground to a
fine powder, dried, and processed at the chemistry lab in the Missoula Fire Sciences Laboratory.
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The heat contents of the samples were determined using an adiabatic (bomb) calorimeter. This
constant-volume calorimeter is commonly used to measure the heat of content of a wide range of
materials. The proportion of lignin and holocellulose (cellulose and hemicellulose) was estimated
assuming the fuel heat content was a function of the ratio of these two components with heat
contents of 24 MJ/kg and 17MJ/kg respectively. These measurements were conducted on the
same samples used for carbon and nitrogen percentages.

Statistical analyses

Data were analyzed in three ways. Correlations between variables were tested with (1) all 15
sites combined, (2) only dry sites (11 sites), and (3) paired (old and young) plots between sites.
Paired tests included comparisons between Amber:Amber New, DC1:PR3, MEFWS: Skelton,
LG:Pal, and VC1:VC2. Non-parametric analysis was used because the underlying distribution of
the data is unknown. Simple correlations between variables were conducted using Kendall’s tau
(k.t.) tests within the R statistics package (R Core Team 2015). Kendall’s tau tests the
relationship between two variables and provides information on the strength and direction of the
relationship. Correlations were considered significant if p<0.05.

Results

When all 15 sites were included in each correlation test, the results were different than if just the
dry sites or just paired (old and young) sites were used (Table 2). Limiting the correlation tests
to dry sites eliminated the climate differences and raised the k.t. values for some tests slightly.
However, paired plots showed the highest relationships between age and some variables (Table
2). Paired plots were treated using the same type of machinery and were located relatively close
together, effectively eliminating differences in method or climate for the correlations, so age was
the only factor tested.

Correlations with age

With data from all 15 sites combined, age had little correlation with the 25 variables tested to
date (Table 2). Most of the significant correlations were negative and less than -0.20 (Table 2).
Things that would normally be associated with age, such as changes in bulk density (k.t. = -
0.12), carbon: nitrogen (k.t. = -0.19), and particle density (k.t. = -0.9), were not well correlated
when the data from all sites were combined. When selecting data from dry sites only, climate
was negated and correlations were slightly higher (average 0.20 to 0.30). Variables had both
positive and negative relationships (Table 2). Correlations between chemistry variables, surface
area, and volume were highest among the paired plots (Table 2). Carbon and nitrogen content,
particle density, surface area, and surface area-to-volume ratio showed significant differences
attributable to age when viewed as paired plots.

Heat content measurements showed significant differences across and within sites. Across all 15
sites, those particles that are structurally intact (i.e., cylinders) have a higher particle density and
heat content than fractured (i.e., masticated) particles (Figure 4). This same pattern exists for
percent carbon, in which intact cylinders always have more carbon than the fragmented particles
do. Among paired sites, the younger mastication unit always has a higher heat content than its
paired older unit (Figure 4). The pattern for carbon is more varied. Older sites generally have a
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higher percentage of carbon in dry climates. In moist climates, however, there is little difference
in carbon between old and new sites in the calorimeter data.

Future work

Adiabatic calorimeter work to relate heat content to age and the experimental burns needs to be
completed. Analysis of data on smoldering tests is in progress. Several papers on this study are
in progress and scheduled for completion in spring 2017. This work will be important for
managers determining criteria for mastication and burn prescriptions in mixed-conifer forests.

Table 2: Kendall’s tau values for correlations of variables with age and climate. Only Kendall’s tau values with
significant p-values (<0.05) are shown. Paired plots include a dry and wet example.

All Sites (15) Dry Sites Only (11) |  Amber:
AmberNew DC1:PR3

(Dry) Pair (Wet) Pair
AGE CLIMATE | AGE CLIMATE AGE AGE
AGE -- -- -- -- -- --
METHOD -- -- -- --
CLIMATE -0.28 -1 -0.33 --
LITTER LOAD 0.20
MAST LOAD
DUFF LOAD -0.12
TOTAL LOAD
1HR LOAD
10HR LOAD
100HR LOAD 0.13 | -0.17
LITTER BULK -0.18 -0.12
MAST BULK

DUFF BULK -0.21 -0.21

BULK
DENSITY
MINERAL
CONTENT

NITROGEN -0.21 -0.15 0.64 0.47
CARBON 0.17 0.49 0.34
CNRATIO -0.19 0.24 0.20 -0.54 -0.50
LENGTH -0.08 0.39 0.20
WIDTH 0.03

DRYWT

PARTICLE 0.09
DENSITY ’ -0.45
SURFACE

AREA 0.19 0.33 051

VOLUME 0.58
SAV RATIO -0.02 0.24 | -0.15 0.30

-0.12 -0.25 -0.26

-0.23
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Figure 4. Heat value for intact and fragmented particles from each site. VC1, BHMow, and Ul results incomplete.
(See Table 1 for site descriptions.)
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Abstract

Wildfire events produce massive amounts of smoke and thus play an important role in local and
regional air quality as well as public health. It is not well understood however if the impacts of
wildfire smoke are influenced by fuel types or combustion conditions. Here we developed a
novel combustion and sample-collection system that features an automated tube furnace to
control combustion conditions, and a multi-stage cryo-trap system to efficiently collection
particulate and semi-volatile phases of smoke emissions. Five different types of biomass fuels
(red oak, peat, pine needles, pine, and eucalyptus) were tested at two different combustion
conditions (flaming and smoldering) to represent western and eastern wildland fires in the United
States. The furnace sustained stable flaming and smoldering biomass burning conditions
consistently for ~60 min. The multi-stage cryo-trap system (-10°C followed by -47°C, and
ending in -70°C sequential impingers) collected up to 90% (by mass) of the smoke. Condensates
were extracted and assessed for mutagenicity (polycyclic aromatic hydrocarbons (PAHs)- and
nitroarene-type activity) in Salmonella strains TA100 and TA98+/-S9. Carbon dioxide, carbon
monoxide (CO), and particulate matter (PM) concentrations monitored continuously during the
combustion process were used to calculate modified combustion efficiency (MCE) and emission
factors (EFs). We found that the MCE of all the biomass fuels during smoldering conditions was
in a range from 63% to 83%, and during flaming conditions, was in a range from 97% to 99%.

In addition, all the biomass fuel smoldering EF for CO ranged from 158 g/kg to 299 g/kg,
whereas flaming EF ranged from 16 g/kg to 29 g/kg. Smoldering EF for PM ranged from 55
g/kg to 174 g/kg, whereas flaming EF ranged from 0.6 g/kg to 1.6 g/kg. A preliminary
assessment of the mutagenic potential of the biomass smoke showed that flaming emissions (e.g.,
eucalyptus flaming emission) were more mutagenic (up to ~6 times and ~19 times in TA100 and
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TA98+8S9, respectively) than smoldering emissions on an equal-mass smoke exposure basis.
However, on an equal-mass fuel consumption basis, smoldering emissions (e.g., red oak
smoldering emission) were more mutagenic (up to ~107 times and ~90 times in TA100 and
TA98+S9, respectively) than flaming emissions. Most mutagenicity emission factors in strain
TA100+S9 were greater than those in strain TA98+S9, indicating that the mutagenicity was
associated with PAHs. The results demonstrate that 1) type of fuel and combustion conditions
have dramatic differences in emission characteristics and mutagenicity; 2) the presented system
can be useful for the health risk assessment from inhalation exposure to wildfire smoke; and 3)
health impacts of wildfire smoke can be assessed on an equal-mass PM exposure basis or an
equal-mass fuel consumption basis. [This study was funded through the Joint Fire Science
Program (JFSP) project # 14-1-04-16. This abstract does not represent official USEPA policy.]
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Introduction

Nowadays, the state-of-art fire-fighting equipment and well-organized -elimination of
consequences of natural disasters are insufficient to solve forest-fire problem. Deep knowledge is
required to explain regularities of origination, spreading and growth of forest fires, as well as
processes of fire extinguishing associated with the intense heat exchange in the flame zone.
Investigations of large forest fire as a phenomenon, preventative measures and consequences of
this natural disaster are a field of research with particular difficulties and restrictions [1, 2]. The
known and persistent problems in firefighting practice are, for example, the effect of wind,
interaction between wind and convective column, entrainment of firebrands of forest fuel
materials with further ignition of another forest area [1]. In addition, each of these factors is
difficult to take into account in case of mathematical and physical simulation of process.
However, the detail discussion on phase transition mechanisms of droplets of extinguishing
liquid when interacting with high-temperature flame is of strong interest. Nevertheless, there are
some restrictions as for instance the lack of experimental base about boiling and evaporation of
droplets of the extinguishing agents under intense heat exchange that is typical for large forest
fires.

Over recent years, the cycle of experimental and theoretical research [3—5] was performed to
study the deformation of large (3—6 mm) single liquid droplets, deceleration and entrainment of
droplets (0.05—0.35 mm in size) when evaporating spray flows in the counter flow of combustion
products. In these experiments, the temperature conditions (about 1000 K) conform to typical
large forest fires. Moreover, in the papers [6, 7] at the same temperature conditions, the
significant enhancement of heat and mass transfer took place owing to the addition of solid non-
metallic inclusions (from several dozens of micrometers to several millimeters).

Crucially, in the research [7], the phenomenon of intense vapor formation of liquid occurred at
the internal interfaces of heterogeneous droplets. The rapid development of this mechanism
contributed to the explosive breakup (disintegration) of heterogeneous liquid droplets during
short time (26 s). As a result, small droplets (groups of droplets) detached from the liquid layer.
We believe that when extinguishing forest fire using flows of the heterogeneous droplets such
phenomenon will contribute to the formation of cloud consisting of the small-sized droplets and
vapor. Finally, the formed cloud can cover larger area of flame and, moreover, limit the oxidizer
supply in the burning area. Furthermore, the significant saving water resources can be reached by
the explosive breakup. In the paper [7], the authors tried to explain the physical nature of such
phenomenon, to reveal conditions for its origination and to determine system parameters that can
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vary during experiments. Taking into account a large amount of these parameters and difficulties
to consider each of them, only several conditions of the intense vapor formation with the
explosive disintegration were specified definitely. Among these are, primarily, the temperature
of gas area that surrounds a heterogeneous droplet, as well as the material of inclusions and their
physical parameters.

During the following research (for instance, [8—10]), other conditions to enhance heat transfer in
the system under consideration are determined. Owing to these conditions, at least boiling took
place.

In the paper, to combine the established regularities and conditions of the revealed novel
physical phenomenon is appropriate. Afterwards the development of practical recommendations
for use of the results when extinguishing large forest fires will become possible.

The purpose of the present work is to investigate, by experiment, the conditions for intense vapor
formation of heterogeneous liquid droplets with their explosive breakup when heated at the
temperatures that are typical for the large forest fires.

Materials and Methods

To perform the experimental research, we used the multifunctional laboratory setup equipped by
high-speed camera /, as well as the devices to provide the optical diagnostics of combustion
product flow 35, 6 and to produce high-temperature areas 2—4. The latter includes hot air blower
3, muffle furnace 4 and cylindrical channel (with burner at the bottom) filled in combustion
products of typical fuels 2. Figure 1 illustrates the scheme of the setup. The red circles show the
regions to insert heterogeneous liquid droplets in high-temperature area (see inset of Figure 1).
The devices to heat heterogeneous droplets enable to take into account the influence of
combustion product flow, the variation of the heated air velocity and the convective heating.
According to the main steps, the experimental technique is similar to the one applied in research
[6, 7]. However, in this paper, we will briefly present the main technical tips and explanations.
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Figure 1. Scheme of experimental setup: 1 — high-speed camera; 2 — burner with cylindrical channel; 3 - hot air
blower; 4 — muffle furnace; 5 — optical diagnostics of combustion products rate; 6 — cross-correlation camera; 7 —
liquid droplet; 8 — ceramic rod; 9 — solid inclusion

Creation of Heterogeneous Droplets

The research performed with the heterogeneous liquid droplets fixed on ceramic rod & (see inset
of Figure 1). The heterogeneous liquid droplet is a single solid inclusion inside the liquid droplet.
The pure graphite was chosen as a material of inclusions. The size of inclusions was from 2 mm
to 4 mm. The shapes of inclusions were a cylinder, cube, parallelepiped, sphere and polyhedron.
Errors on measurements of solid inclusion size did not exceed 0.05 mm. The inclusions were
fixed on ceramic rod § mechanically. The analytical balance measured the mass of inclusions.
The dosing device took liquid of the required volume out of the vessel to cover the inclusion.
The volume of liquid in the experiments varied in the range from 5 pl to 15 pl. The mandatory
requirement for each test was a full covering of solid inclusion 9 by liquid droplet 7 (see inset of
Figure 1). This condition was possible by dipping inclusion 9 in the vessel with liquid (at ~298
K) during several seconds before each experiment. Additionally, the inclusion is cooled down to
the initial temperature. In the experiments, the following liquids were used: distilled water,
solutions of distilled water with wetting agent, aerated water.

High-speed recording and PIV measurements

By using high-speed recording, we determined the lifetimes of heterogeneous liquid droplets in
high-temperature areas and specified the regularities of their phase transitions. Errors on lifetime
determination were 0.01 s.

PIV (Particle Image Velocimetry) technique was applied to monitor combustion product flow
rate in the cylindrical channel. The procedure of similar measurements is presented in [6].

Temperature recording in high-temperature area
The temperature monitoring in high-temperature areas was performed by type K thermocouples
fixed near the heterogeneous liquid droplets.

Method of procedure
(1) Using the moving mechanism operated by PC, a heterogeneous liquid droplet was
introduced in high-temperature area.
(2) When moving droplet in the focusing point, the video recording became active.
(3) After evaporating liquid, solid inclusion was moved back from high-temperature area.
(4) Cooling and preparing next liquid droplet; determining lifetimes of droplet according to
the recorded video track and temperature of area during the test.
(5) Repeating (1)—(4) points.
Under identical conditions, we performed the three series of experiments consisting of six tests
for each variant of heterogeneous liquid droplet.

Results and Discussion
Figure 2 shows the typical frames of the considered physical phenomenon.
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The explosive breakup of droplet is due to the intense formation of vapor bubbles at the surface
of solid inclusion. The growth of vapor bubbles at the interface of inclusion surface / liquid layer
and their further evolution including the coalescence and detachment from the interface lead to
filling droplet by vapor and thinning liquid film [7]. In the experiments, we observed most often
from several successive explosions of large vapor bubbles to several dozens. In addition, every
time the groups of small liquid droplets were detached from the liquid layer.
The conditions that contribute to intense vapor formation with explosive breakup of
heterogeneous liquid droplet are as follows:

1. Heating temperature;

2. Using large (~3—5 mm) heterogeneous droplets;

3. The material of inclusion is a pure graphite; the shape of inclusion is a polyhedron

(including such artificial irregularities of surface as the roughness and porosity);
4. Decreasing surface tension force of water by the addition of wetting agents with certain
concentration;

5. Usmg aerated water as a liquid in heterogeneous droplet.
The main condition is to reach the temperature of area contributing to the formation of vapor
bubbles at the interface of liquid layer / inclusion surface. In this case, the growth rate of vapor
bubbles must significantly exceed evaporation rate of liquid from the surface of droplet.
Furthermore, the growth rate of vapor bubbles and their further evolution mainly influence the
duration of processes (explosions) that was specified in [7]. Also, using the pure graphite with
high thermal conductivity is critically important. The preliminary experiments with the similar
materials did not reveal any prerequisites to the nucleate boiling. The shape, as the experiments
[7] showed, also play the important role to enhance heat transfer. It is obvious that the edges,
irregular shape of inclusions, roughness and pores increase the heat-exchange surface area. Thus,
the amount of heat supplied to the liquid layer from the inclusion grows.
In the investigations [8—10], other authors studied how to enhance heat transfer in a different way
and to initiate vapor formation at the internal interfaces. As a result, using the solutions with the
addition of wetting agents and the carbonation contribute to the formation of vapor bubbles at the
surface of inclusions.
The solutions with the addition of surfactants and the aerated liquids are intensively used in
state-of-art firefighting technologies. Therefore, the following practical recommendation can be
stated to extinguish forest fires:

(®)

Figure 2. Examples (a—d) of heterogeneous droplet breakups [7]
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* The intense vapor formation with the breakup of single droplets and the further formation of
vapor-droplet cloud can occur by the large (up to 4 mm) and rough (edges, pores etc.)
graphite particles that are added in the flow of typical extinguishing liquid with the certain
concentration. The temperature in immediate proximity to the flame zone will provide the
conditions for the considered mechanism at the internal interfaces. Moreover, the mass of
the formed heterogeneous flow will be higher than the one of homogeneous flow. Thus, the
convective column will entrain less droplets.

The findings expand the experimental base of the research on heat transfer enhancement in the

heterogeneous systems. We believe that the further study is crucial to develop the possible ways

to initiate the intense vapor formation with breakup of the liquid layer of heterogeneous droplet.

The performance of the experiments with the group of droplets (flow of heterogeneous droplets)

in a laboratory environment and by the standardized fire sources is also recommended.

Conclusion

We stated the revealed conditions of the intense vapor formation with explosive breakup for the
heterogeneous (with single large graphite inclusions) liquid droplets when heated at the
temperatures that are typical for the large forest fires. In addition, to develop the future
technology of the firefighting, the practical recommendation was specified.
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Background and Overview

In response to growing fire risk in the wildland-urban interface (WUI) and the enactment of the
Healthy Forests Restoration Act in 2003, communities are increasingly using Community
Wildfire Protection Plans (CWPPs) to help mitigate the risks posed by wildfire events. The
distribution of fuels surrounding and across a community is a critical piece of information for
CWPP development. Using up-to-date, high-resolution fuel maps, communities are able to assess
fuels and model potential fire behavior should a wildfire event occur. Such modeling exercises
can be used to help prioritize fuel reduction efforts; however, accurate results rely on
representative information about the type of fuels available to burn, fuel moisture, and weather.

As part of the effort to update the CWPP for Marin County, California, we compiled
5-meter-resolution and 30-meter-resolution fire behavior fuel model maps to provide an updated,
high-resolution data layer of current fuel conditions that is more accurate than the standard
LANDFIRE fuel map (30-m). The maps were derived from available LIDAR and aerial imagery
as well as datasets reflecting vegetation types and the presence of structures, roads, and water
bodies. These maps are critical tools for Marin County fire hazard mitigation planning; they were
used to conduct analyses of fire risk and fire hazard reduction projects described in the CWPP.

Methods

Input Datasets

LiDAR data in LAS point cloud format were obtained via the USGS EarthExplorer website. The
data, which provide complete coverage of Marin County at 2-meter nominal pulse spacing or
better, were collected in 2010 by the ARRA Golden Gate LiDAR Project. National Agriculture
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Imagery Program (NAIP) JPEG2000 orthorectified imagery collected over Marin County
between June 8 and June 13, 2014, was also downloaded from the USGS Earth Explorer website.

We used three available vegetation datasets to provide information about vegetation types for
portions of Marin County: (1) the 2008 Marin County Open Space District (MCOSD) vegetation
dataset obtained from the California Department of Fish and Wildlife (CDFW) GIS
Clearinghouse, (2) the 2009 Marin Municipal Water District (MMWD) vegetation dataset
obtained from the CDFW GIS Clearinghouse, and (3) the Existing Vegetation Classification and
Assessment with LANDSAT of Visible Ecological Groupings (CALVEG) dataset, mostly based
on 2007 imagery, published by the USDA Forest Service Pacific Southwest Region Remote
Sensing Lab. We used building footprint, water body, and road network vector data obtained
from MarinMap (http://www.marinmap.org) to refine vegetation information for Marin County.

Figure 1 illustrates how the input datasets fit into the overall data processing scheme. Details of
each processing step are described in the Image Processing, Fuel Model Crosswalk, and Fuel
Model Adjustments sections.

Figure 1. Process used to create the Marin County fuel model map. NDVI = Normalized Difference Vegetation Index.

Image Processing

We combined LiDAR and NAIP imagery for Marin County to obtain information about
vegetation cover and topography across the county. All rasters produced for use in this project
were aligned to the datasets derived from raw LiDAR point clouds, projected to UTM zone 10N
using the NADS83 datum with a cell size of 5 meters.

LiDAR tiles were combined and processed using standard ArcGIS geoprocessing tools to derive
bare earth elevation, slope, aspect, vegetation height, and vegetation percent cover. Vegetation
height and vegetation cover on the 5-m grid were calculated using the internal point
classification, which groups vegetation and building returns together. To differentiate between
buildings and vegetation, Normalized Difference Vegetation Index (NDVI) values derived from
NAIP imagery were used to mask locations with NDVI < 0 as non-vegetation. To exclude shrubs
and other low-lying vegetation from the percent canopy cover calculation, we assigned all pixels
in the percent canopy cover with a canopy height less than 3 meters to a percent canopy cover
value of 0%. The vegetation and topographic information derived from these datasets were used
as inputs to produce fuel model information for Marin County.
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Fuel Model Crosswalk

To obtain the fuel information required for fire behavior modeling, we integrated the LiDAR-
and NAIP-derived datasets with vector information reflecting vegetation type, building
footprints, water bodies, and roads. The result of this analysis is a 5-meter-resolution dataset
providing 40 Scott and Burgan fire behavior fuel model assignments (Scott and Burgan, 2005)
for all of Marin County.

We first combined the three sources of vegetation type information, replacing the vegetation
types identified by the CALVEG dataset with the more recent and localized MMWD and
MCOSD classifications where valid data were available. Aspect, vegetation height, percent
vegetation cover, and vegetation type datasets were used in a crosswalk to assign fuel models.
We used a modified version of a crosswalk furnished by Dave Sapsis at CAL FIRE. The
crosswalk assigns a fuel model to each pixel based upon that pixel’s vegetation type, vegetation
height, percent vegetation cover, and aspect. We modified the crosswalk to address vegetation
types assigned to locations within Marin County that were not addressed by the original
crosswalk, based on our knowledge of local vegetation and with feedback from Marin County
Fire Captain Tim Walsh.

None of the vegetation datasets provided vegetation type information for Angel Island. We
created a simple fuel model crosswalk for Angel Island based on canopy height and canopy
cover values and visual examination of aerial imagery. The Angel Island fuel model information
was appended to the fuel model dataset covering the rest of the county.

Fuel Model Adjustments

We modified the fuel model map described above to better account for the location of roads,
structures, and water bodies based on local knowledge of the WUI communities, fuel
characteristics, and fire behavior. All locations falling within a water body were modified to an
unburnable fuel model. In addition, a series of filtering steps were applied to reflect the presence
of flammable vegetation in urban/developed areas. To account for the flammable vegetation that
was initially classified as unburnable, we used canopy cover and canopy height to reassign all
urban/developed fuel model areas with an NDVT greater than 0 to a flammable vegetation class.

Next, we used road location information to assign pixels to the unburnable urban/developed fuel
model or to a timber litter fuel type model based on the presence of canopy cover. Large roads
(freeways and highways) were buffered to 10 m and small (local) roads were buffered to 5 m.
The percent canopy cover of each pixel within the buffered roads was obtained, and roads with
greater than 30% canopy cover were classified as burnable. Fuel overhanging a road may allow
fire to spread over that road. Roads with less than 30% cover were classified as unburnable.

A similar approach was used to address vegetation overhanging buildings. We used the building
footprints and percent canopy cover data to assign a fuel model to all building locations.
Buildings with 20-40% canopy cover were classified as a timber litter fuel type model, and
buildings with greater than 40% canopy cover were assigned a timber-understory fuel type
model. Buildings with less than 20% canopy cover were classified as unburnable.
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Landscape File Creation

A landscape file (.lcp) is required by common fire behavior models such as FlamMap to simulate
fire behavior. A landscape file consists of eight layers of vegetation and geophysical information.
The geophysical layers are elevation, slope, and aspect; the vegetation layers are fuel model,
vegetation height, percent vegetation cover, canopy bulk density, and canopy base height.

Based on our knowledge of local vegetation, we assigned canopy base height a universal value of
0.91 m (3 ft) for all pixels assigned either a timber-understory or a timber litter fuel type model.
In lieu of actual field measurements of canopy fuels in Marin County, canopy bulk density was
estimated for pixels with a timber-understory or a timber litter fuel type model using plot data
collected for ponderosa pine/Douglas-fir and Sierra Nevada Mixed Conifer forest types in the
Interior West (Scott and Reinhardt, 2005). For each fuel model and canopy cover bin, a canopy
bulk density value was assigned.

We used ArcFuels (http://www.arcfuels.org/) to composite the 5-m rasters of the eight data
layers into a landscape file. In addition, we used bilinear interpolation and majority method
resampling to convert these raster datasets to 30-m resolution, and created a 30-m landscape file
for fire modeling in the Interagency Fuels Treatment Decision Support System (IFTDSS).

Results and Conclusion

The final 5-m fuel model map of Marin County is shown in Figure 2. We compared our
high-resolution map to the standard LANDFIRE fuel map. Visual inspection of our custom fuel
model map revealed not only greater detail but also more realistic distributions of fuels
throughout the county, as seen in a sample area (Woodacre, CA) in Figure 3.

Figure 2. The 5-m custom fire behavior fuel model map of Marin County, CA. The inset boundary represents the spatial extent of
zoomed-in maps in Figures 3 and 4.
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Figure 3. The 5-m custom fuel model map (left) compared to the standard 30-m LANDFIRE map (right) for Woodacre, CA. See
Figure 2 for legend.

Desktop FlamMap 5 (Finney 2006) was used to model flame length based on the custom and
LANDFIRE maps under identical environmental condition settings (i.e., same wind and fuel
moisture inputs); the outputs for Woodacre, CA, are displayed side by side in Figure 4. Improved
representation of flammability within the WUI community is evident from the pixels of medium
(yellow) to very high (red) flame length distributed throughout the community, whereas
LANDFIRE fuel maps tend to represent WUI areas as unburnable.

Figure 4. Flame length output from FlamMap based on the 5-m custom fuel model map (left) and the standard 30-m LANDFIRE
map (right) for Woodacre, CA. Population is concentrated in the circled area within this WUI community.

A direct comparison of the distribution of fuel models was made between our resampled 30-m
fuel model map and the LANDFIRE fuel map. Results are shown in Figure 5.
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Figure 5. Proportion of Marin County assigned to each 40 Scott and Burgan fire behavior fuel model. All models representing
less than 1% of Marin have been omitted for clarity. See Figure 2 for fuel model keys.

Only 14% of all locations in Marin were assigned the same fuel model in both maps. The custom
fuel map reduced the urban areas represented as unburnable by 50% compared to the
LANDFIRE fuel map. LANDFIRE data classified just 7.4% of Marin as grass, and a much
higher proportion of the county (38%) as grass-shrub. The custom map classified 44% of Marin
County as grass and less than 1% as grass-shrub, which matches information from locally
validated vegetation type classifications. As a result, we conclude that the custom fuel map
shows substantial improvements over the LANDFIRE fuel map. The custom fuel map was later
used to support the preparation of several parts of the Marin County CWPP, including hazard
and risk assessment calculations and fuels treatment planning.
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Introduction

Canopy fuel structure is a driver of fire behavior which affects rate of spread, intensity and
crown fire potential (Van Wagner 1977, Cruz et al. 2005). Physically sample it is not feasible on
large samples of trees. At plot scale, the inventory-based is commonly used (Baldwin ef al. 1997,
Alexander et al. 2004). It combines a stem inventory, allometric equations for mass and
cumulative vertical distributions to estimate bulk density profiles and load. This approach can be
used to reproduce the 3D structure of fuel beds though a modelling approach (Pimont et al.
2016). However, the allometric equations of the inventory-based approach require time-
consuming measurements for calibration, their performance can be highly variable among sites
(e.g. Baldwin ef al. 1997) and there is little validation of this method.

Remote sensing techniques have long been used to estimate quantities such as leaf area index
(LAI). More recently, terrestrial LiDAR (Light Detection And Ranging) scanner, referred
hereinafter as TLS, emerged as a promising tool to estimate leaf area distribution (Béland et al.
2011, 2014). This approach is based on the relative density of returns, which is defined as the
proportion of returns in a given volume relatively to the number of laser pulses crossing this
volume. LiDAR technology has also shown promises for the estimation of canopy fuel structure
(Skowronski et al. 2011, Seielstad ef al. 2011).

Herein, we present a method based on the calibration of relative density indices to estimate
canopy bulk density. The original method is described in Pimont ef al. (2015), applied to the
estimation of leaf bulk density and corrected in Pimont et al. (2016). Here, we present results in
the context of canopy fuel structure estimation. Some of the results incorporate a second
campaign of TLS acquisitions done in 2015 that are still in progress.

" INRA, UR629, Domaine de Saint Paul, Agroparc F-84914 Avignon Cedex 9, France.
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Material and methods
Plot description and inventory-based method

Four 12 m diameter contrasted plots were selected in a Quercus pubescens forest in the South-
East of France. Maximum heights varied between 8 to 12 m and basal areas between 18 and
40 m*ha'. A stem inventory was carried out and 10 trees of various diameters at breast height
were felled and cut in 1-m vertical sections. Leaves and 0-6 mm twigs were collected, oven-dried
and weighted. Data was used to fit allometric equations for leaf and twig biomass and vertical
distribution. The combination of these equations and the stem inventory in each plot were used to
estimate bulk density profiles in each plot (Pimont ef al. 2015).

LiDAR campaigns

We conducted two different measurement campaigns on the study site. The first one was done
in 2013. A FOCUS 3D 120S (FARO Technologies Inc., Lake Mary, USA) TLS instrument was
used in this study with a resolution of 43.8 million points per scan. Five scans were performed on
each plot from the center and the four summits of the square inscribed in the circular plot
(Pimont ef al. 2015). Similar measurements were done in 2015 with a FOCUS 3D 130X. The
main difference between the two TLS is the wavelength (905 nm for the 120S and 1500 nm for
the 130X), the second being more adapted to separate leaf returns from wood returns using return
intensity (Béland et al. 2014).

Calibration of biomass indices in spherical volumes

During each campaign, ten polystyrene balls (diameter 0.1 m) were placed at different
locations in the canopy of each plot, to mark out the center of virtual spherical volumes. These
volumes, referred to as Calibration Volumes (CV) are bounded by a 0.7 m diameter virtual
sphere, that has the same center as the polystyrene target. Once the TLS scans were performed
on a plot, the leaves and twigs inside the calibration volumes were collected, oven-dried and
weighted.

TLS point clouds were used to compute relative density indices in each CV, using the
polystyrene targets to identify CV locations in each point cloud. Several variants of these indices
were introduced to account for occlusion, leaf orientation and filtered returns (Pimont et al.
2015). These indices were calibrated for biomass estimation, using leaf and twig mass weighted
in CVs. On going work aims at separating leaf from wood returns to improve the accuracy of
estimation.

Model application

Once calibrated, relative density indices can be computed at any location in the canopy to
estimate local bulk density. To estimate bulk density at plot scale, calibrated indices were
computed at all nodes of a virtual grid in each plot. The 3D distributions of estimated bulk
density were integrated horizontally to estimate vertical bulk density profiles that could be
compared to the ones obtained with the inventory-based method.

Results

Figure 1 shows a comparison between profiles of leaf bulk density estimated with the inventory-
based method (black crosses) and the TLS method using scans done in 2013 and 2015,
respectively in blue and green lines. They compared well together in terms of shape, canopy
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height, peak bulk density, etc. At this stage it is unclear if differences observed on plot 2 are due
to the TLS or the inventory-based method. In the lower part of the canopy, it is likely that the
TLS-based method overestimates bulk densities, because the model interprets trunk returns as if
they were foliage.
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Figure 1: Leaf bulk density profiles estimated from TLS- and inventory-based methods using data from the 2013
and 2015 campaign. No separation is done between leaf and wood returns at this stage.

A similar methodology was applied to thin twigs, based on a calibration of relative density
indices with twig biomass measured in calibration volumes. When compared to inventory-based-
method profiles, this first attempt to estimate twig biomass with TLS showed a disappointing
overestimation. This overestimation (by a factor 1.5 to 2) is explained by the fact that
polystyrene balls were hanged to thin twigs, leading to an over-representation of twigs with
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regards to leaves in calibration volumes. We believe significant improvements should result from
separation between leaf and wood returns.

Some work is still in progress to use return intensity to separate leaf and wood returns in the
2015 scans. Such separation was not possible with the 2013 scans, because leaf and wood returns
showed similar intensity ranges at FOCUS 3D 120S wavelength (Pimont et al. 2015). We also
developed a slightly different approach to remove wood returns in leaf biomass estimation, using
RGB colors estimated for TLS returns by the camera incorporated in the FARO FOCUS 3D
130X. This first attempt estimated the proportion of leaf and wood returns in a spherical volume
using the Excess Green index, an efficient index derived from RGB for plant segmentation
(Guajardo et al. 2011). The method was evaluated in some spherical volumes containing wood
only and performed correctly (reducing the estimation of leaf biomass in these volumes to near
zero values). Figure 2 shows how leaf bulk density estimation was corrected when including leaf
and wood separation, the black arrows illustrating the reduction of the estimated biomass in the
lower part of the canopy, when removing trunk returns.
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Figure 2: Leaf bulk density profiles estimated from TLS method without separation of leaf and wood returns (line
green) and with Excess-green-based-leaf-and-wood separation (dashed green) using data of the 2015 campaign.
The small black arrows illustrate the bulk density reduction when removing wood returns

Discussion and conclusion

Our method based on calibration of relative density indices (Pimont et al. 2015) yielded
encouraging results. It was the first able to estimate leaf bulk density profiles in forestry plots
using TLS, the previous work being limited to small trees or individual branches. The approach
based on the Excess-Green index to remove wood returns is innovative and leads to promising
results. Combined with an approach based on return intensity, we hope it would help to get more
robust estimates of leaf biomass and distribution. Our first attempt to estimate twig biomass was
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not successful, but we hope that the progress in leaf and wood separation will lead to much better
results.

Regarding the cost of measurement, the time required to calibrate our indices was about ten
times faster that the time required to calibrate the inventory based methods. However, this time is
not negligible (about 8 days to prepare the plot, to collect, oven-dry and weight the biomass, to
identify the location of CV in scans, etc.). We expect that these coefficients will be relatively
stable as they depend only on the distribution of foliage element at the spherical volume scale,
that should not change much for a given species or group of species with similar morphologies.
Variations of these coefficients are potentially predictable from foliage characteristics, such as
surface to volume ratio or shoot properties (Pimont et al. 2009).

The method presented here is promising and has potential to become an efficient, operational
methodology to estimate bulk density distribution and canopy load. It could be used in
combination with airborne and space-borne remote sensing (that often requires ground
measurements for calibration), for monitoring of ecosystem, or to provide data for physics-based
fire models.
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Introduction

Smoldering wildfires in peatlands are the largest combustion phenomena on Earth, and
contribute considerably to annual greenhouse gas emissions [1]. Peatlands cover 2-3% of the
Earth's land surface, and are most abundant in boreal and tropical regions. They are important
ecosystems for a wide range of wildlife habitats supporting biological diversity, hydrological
integrity and carbon storage, storing 25% of the world’s soil carbon. Annually, peat fires release
huge amounts of ancient carbon roughly equivalent to 15% of the man-made emissions [2, 3], and
result in the widespread destruction of ecosystems and regional haze events, e.g. recent megafires
in Southeast Asia, North America, and Northeast Europe [1, 2]. Moreover, recent global warming
dries the peatlands and increases the depth of belowground soil combustion, creating a positive
feedback to the climate system [4].

Peat, as a typical organic soil, is a porous and charring natural fuel, thus prone to smoldering
[1, 5]. Smoldering combustion is the slow, low-temperature, flameless burning of porous fuels,
and the most persistent type of combustion phenomena [5]. Once ignited, smoldering peat fires
can burn for velong periods of time (e.g., months and years) despite rains, weather changes, or
fire-fighting attempts [1]. Two mechanisms control the spread of smoldering combustion: oxygen
supply and heat losses [5-7]. Most smoldering peat fires are initiated on the ground surface by
flaming fires, lightning strikes or hot particles. Afterwards, smoldering fire spread laterally along
the free surface and vertically to peat layers in-depth, dominated by forward smoldering [8], as
shown in Fig. 1.

Figure 1: Schematic diagram of the smoldering fire spread along the peat surface and in-depth [8].
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Compared to flaming wildfires, the fundamental chemistry and dynamics of smoldering
wildfires so far are not well understood with only limited number of studies found in the literature.
Ohlemiller studied the two-dimensional (2D) profiles for smoldering of dry wood-based fibres [9].
Frandsen [10] experimentally studied the ignition threshold for various bench-scale peat and other
soil samples, and found a correlation between critical MC and IC, recently verified
computationally in [11]. Hadden et al. performed a small-scale experiment with boreal moss peat,
and revealed the competing pyrolysis and oxidation reactions in the char formation [12]. The depth
of burn (DOB) and critical MC for extinction at the in-depth spread of peat fires have been
investigated by various experiments [13] and numerical simulation [14]. The surface peat fire is
found not to spread on the free surface but at a depth below (“overhang” phenomenon) [15-17],
which has not been well explained or studied until now.

Experimental method

Figure 2(a) shows the schematic diagram of the experimental setup. A fire reactor with an inner
dimension of 20x20x10 cm® and a 1.27 cm thick insulation fibre board was used to contain the
peat sample. Some additional tests were also conducted with a taller (20x20x20 cm?) fire reactor.
A 20-cm coil heater was attached to one side 5 cm below the top free surface, and used to initiate
a uniform smoldering front spreading in the lateral and vertical directions. The ignition protocol
was fixed to be 100 W for 30 min, which is strong enough to ignite a peat sample of MC < 150%.

Figure 2. (a) Diagram of the experimental setup and the arrangement of thermocouples array; (b) visual image of the moss peat;
and (c) scanning electron microscopy imaging of peat sample.

The peat used in the experiment is a commercial Irish moss peat (Shamrock Irish Moss Peat,
Bord na Mona Horticulture Ltd.), as shown in Fig. 2(b) and (c). It is used instead of naturally
sourced peat because it is readily available in large quantities, has relatively homogeneous
properties and constant composition, and had been used in previous experiments in [12]. This moss
peat has a dry density of 136 + 5 kg/m® and a low mineral content (IC~2%). The element analysis
for the organic matter shows 53.8/5.5/38.4/1.9/0.5% mass fraction for C/H/O/N/S.

Targeted MC values for peat were 5%, 50%, 100%, 130%, and 150%. Both a visual camera and
an infrared (IR) camera were placed above the sample to monitor the process on the top surface.
A typical smoldering fire on peat of 20x20x10 cm?® would last between 3 and 15 h. 20
thermocouples (TCs) were arranged as an array (4 rows x 5 columns) and inserted through one
sidewall into the central plane of the peat bed to measure the temperature evolution and
distribution. At least three experiments were conducted at each condition for repeatability.
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Experimental results
Imaging and overhangs

Figure 3(a) shows the visual and IR images for smoldering spread over peat samples with 50%
MC. The IR camera was used to track the movement of the smoldering front (high irradiation
region) on the top surface. Once the coil heater was on, the peat nearby was degraded into black
char, and the char would be further oxidized into white ash (mainly minerals). During the 0.5 h
ignition time, a uniform smoldering front was generated near a side without clear fire spread on

the top surface. Afterwards, this burning smoldering front expanded out both laterally (x direction)
and vertically (z direction).

Figure 3: (a) Imaging by visual and IR camera from top for smoldering fire spread in peat sample with MC = 50% without wind,
and (b) Schematic diagram for the periodic formation and collapse of overhang in smoldering spread over wet peat.
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For wet peat samples (MC > 50%), during the surface fire spread, a clear “overhang” could be
visually observed: the smoldering fire tended to spread at a depth (i.e. overhang thickness, J, )

below the top surface, as illustrated in Fig. 3b(II). Peat within the overhang was seen to be unburnt
because it did not degrade into black char, while, for peat below the overhang, clear charring
burning process was observed.

In the experiment, this overhang state was unstable because as more peat was burnt underneath,
the char and ash yielded were not strong enough to support the unburnt peat above. Therefore, the
overhang collapsed before it could be ignited by the burning layer below. The collapsed overhang
covered the burning char back stream and evened out the leading edge, as illustrated in Fig. 3b(III).
Note that the collapsed overhang was not able to extinguish the fire because it was below the
critical MC [10, 11] and was even partially dried. Therefore, it would be further ignited and
consumed through the upward spread. Afterwards, fire continued to spread vertically, increasing
the depth of burn (DOB), and laterally, generating a new overhang shown in Fig. 3b(IV). Thus, a
cycle of overhang formation and collapse was created until peat was entirely consumed.

Spread rate profile

Using visual and IR imaging at the top view (see Fig. 3a), the lateral spread rate on the free
surface was measured. Note that due to the formation and collapse of overhang, peat on the free
surface does not burn locally (see Fig. 3b(Il)), so the visual and IR cameras actually recorded the
rate of disappear (collapse) on the free surface and the spread rate of high-temperature region in a
shallow layer, respectively.

Figure 4: (a) Depth profile of the mean lateral spread rate for different moisture contents (MCs) without wind where solid
symbols are found by tracking the peak temperature below overhang; hollow symbols by tracking 100°C within overhang. (b)

Comparison between experimental and predicted overhang thickness ( J,, ) at various moisture content (MC).

In addition, the lateral spread rate below the free surface can be estimated by tracking the
thermocouple measurements [7]. Data processing showed that tracking the peak temperature and
drying front (100°C) gave similar values for the spread rate. The lateral spread rate was found to
be relatively constant within 10 cm over 5 thermocouples at each measured depth. Therefore, if all
thermocouples in that row are below the no overhang region, their peak temperatures were tracked
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to estimate the mean lateral spread rate. Within the overhang layer, the drying front (100°C) was
tracked. Figure 4(a) shows the depth profile of the mean lateral spread rate changing with MC
without wind, where the hollow points mean that overhang occurred at that depth.

As expected, the overall spread rate profile reduces remarkably as the MC increases, indicating
that moisture has a strong influence on the spread rate of peat fires. For dry peat (5% MC), the
spread rate reduces significantly from 12 to 7 cm/h with increasing depth. Similar measurement
was found in the experiment of smouldering dry wood-based fibres [9]. It is because as the depth
increases, the ambient oxygen supply is reduced and the more ash is accumulated below the free
surface. On the other hand, for wet peat samples, the lateral spread rate shows small sensitivity to
the depth, implying that it is the moisture controlling the spread rate.

According to the definition of overhang thickness (5, ): the optimal depth at which the fastest

burning is achieved, the non-dimensional analysis is used to estimate the overhang thickness. The
overhang thickness should relate to the spread rate difference between top and lower layers, and
the thermal property of the peat bed as, &, ~a, /Au, where the «,, is the thermal diffusivity of

dry peat (~4.5x107 m?/s [11]); Au is the difference between the highest spread rate at the overhang
thickness (u,,, =u._5; ) and the spread rate at the top surface (u,_, — 0) where burning ceases due

to the large heat loss to environment. Here, u . is measured as the first solid point in Fig. 4(a).

Figure 4(b) compares the predicted overhang thickness with the experimental measurement
without wind in Fig. 8. In general, a good agreement is shown, supporting the critical role of
spread-rate depth profile in the overhang formation.

5. Conclusions

In this work, for the first time the overhang phenomenon, peat fire spreading below the free
surface, is observed with bench-scale tests using homogeneous peat samples in the laboratory. In
addition, the formation and collapse of overhang is found to be periodical, and the thickness of
overhang is found to increase with peat moisture. The depth profile of lateral spread rate is
successfully measured by visual and infrared imaging as well as by thermocouple array. Results
show that the lateral spread rate decreases with moisture content. For dry peat samples, the spread
rate significantly decreases with depth because the oxygen supply is the dominant mechanism, and
it decreases with depth. As the moisture content increased, the spread rate became less sensitive to
the depth, suggesting moisture content became the dominant mechanism in the spread of peat fire.
This experimental study provides a physical understanding of the surface spread and overhang
phenomenon in peat wildfires, and explains the role of moisture and oxygen supply in peat
smoldering, thus helping to understand this important natural and widespread phenomenon.
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Introduction

In light of the potential for climate change to have adverse effects on natural, political,
social, and economic systems, ecologists have been called upon to investigate the consequences
of anthropogenic climate change on the world’s ecosystems (Bachelet et al. 2000). However,
exploration of the numerous, complex, and multi-scale interactions among ecological processes,
disturbance agents, and climate drivers present intractable challenges with respect to scientific
exploration as traditional field methods used to explore ecosystem responses to environmental
change are inadequate to capture complex interactions that occur across large areas and long time
periods (Keane et al. 2015b). Multi-scale ecological interactions often result in non-linear
feedbacks that produce novel and unanticipated landscape responses to changing climates
(Temperli et al. 2013). These can be explored using simulation modeling, in which computer
programs are used to quantitatively simulate complex ecological processes and their interactions
over decades or centuries (McKenzie et al. 2014).

Most ecological responses to climate change are best evaluated and simulated at
landscape scales using landscape models (LMs). Because of their limited spatial extent, finer-
scale stand models cannot fully incorporate spatial aspects of disturbance regimes (Bugmann
2001), and coarser-scale Dynamic Global Vegetation Models (DGVMs) are not designed to
simulate important species- and plant-level disturbance effects such as successional trajectories
and disturbance survival (Flannigan et al. 2009). Spatially explicit simulations using LMs have
greatly improved our ability to explore and understand complex interactions (Scheller and
Mladenoff 2007; Perry and Millington 2008). Several sources provide details on landscape
change modeling (Mladenoff and Baker 1999), ecosystem dynamics (Canham et al. 2004), and
spatial fire spread and effects (Gardner et al. 1999). In various reviews, LMs are described based
on their design, structure, detail, resolution, and geographical area (see Keane et al. 2004; He
2008; Baker 1989; Scheller and Mladenoff 2007, respectively). To realistically predict climate
change effects, LMs must be structured to simulate disturbance processes, vegetation growth and
mortality, and species composition and distribution as well as their interactions across multiple
scales (Bachelet et al. 2000; Purves and Pacala 2008). However, the level of mechanistic detail
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needed to realistically simulate important interactions among these processes and variables
remains a central challenge in landscape modeling (Gustafson 2013).

In this presentation, we explore a unique subset of the many ecological interactions that
occur at landscape scales—the interactions among disturbances. Disturbances influence
vegetation distribution, structure, and composition, and may indirectly and directly interact with
one another and with changing climate to create novel landscapes (Kitzberger et al. 2012).
Warming climates have already altered interactions among disturbance regimes resulting in
highly visible and rapidly occurring changes in landscape composition and structure, and the
importance of these interactions have been shown in studies across the world (Green and Saladin
2005; Parker et al. 2006). To demonstrate the importance of effects of single and interacting
disturbances on landscapes, we focused on a subset of disturbances that are common across
many US Rocky Mountain landscapes: wildland fire (any fire that occurs in a non-developed or
sparsely developed area), mountain pine beetle (Dendroctonus ponderosae), and white pine blister
rust (Cronartium ribicola). We use a landscape simulation model to evaluate how single and
interacting disturbances respond to changes in climate and influence landscapes. Because the
magnitude, trend, and type of disturbance interactions differ across ecosystems, our simulation
results cannot be wholly extrapolated to other landscapes; however, our goal in this chapter is to
demonstrate the general importance of disturbance interactions in influencing future landscape
composition and structure.

The Simulation Model and Application

FireBGCv2 (Fire BioGeoChemical model Version 2) is a bottom-up, mechanistic,
individual tree, forest succession model containing stochastic properties implemented in a spatial
domain (see Keane et al. 2011 for complete model documentation). It can be categorized as a
landscape fire succession model (Keane et al. 2004), a forest landscape model (He 2008), or a
landscape dynamics model (Mladenoff and Baker 1999). Versions of the model have been used
to address a wide variety of research questions including climate change effects on stream
temperatures (Holsinger et al. 2014), wildlife, and vegetation composition (Loehman et al.
2011); management effectiveness; grazing interactions with fire (Riggs et al. 2015); landscape
structure; fuel-snag dynamics; and carbon emissions (Keane et al. 1997). FireBGCv2 simulates
basic processes such as tree growth, organic matter decomposition, and litterfall using detailed
physical and biogeochemical relationships (Keane et al. 2011). Long-term daily weather streams
drive primary canopy processes (e.g., transpiration, photosynthesis, and respiration), vegetation
phenology (e.g., curing, leaf fall), and fire dynamics (e.g., ignition, fuel moisture, spread,
intensity) within the simulation landscape.

We simulated all combinations of wildland fire, mountain pine beetle, and white pine
blister rust for two forested landscapes that comprise a range of climate, vegetation, and fire
regime types common to the US Rocky Mountain region:

e East Fork of the Bitterroot River (EFBR): A 128,000 ha dry mixed-conifer ecosystem
in western Montana, USA, with an historical low- to high-frequency, mixed-severity fire
regime. Lower-elevation stands comprise primarily ponderosa pine (Pinus ponderosa)
and Douglas-fir (Pseudotsuga menziesii), and higher elevation stands are dominated by
lodgepole pine (Pinus contorta var. latifolia), whitebark pine (Pinus albicaulis),
subalpine fir (4Abies lasiocarpa), and Engelmann spruce (Picea engelmanii) (Holsinger et
al. 2014).
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¢ Yellowstone Central Plateau (YCP): An 80,000 ha, high-elevation lodgepole pine
ecosystem in Yellowstone National Park, USA, with an historical low-frequency, high-
severity fire regime. Stands contain minor amounts of Douglas-fir, whitebark pine,
subalpine fir, and Engelmann spruce (Clark et al. 2016[in press]).

We simulated disturbance interactions under two climate scenarios:

e Current climate: The recorded daily weather for the last 50+ years collected within or
near each of the simulation landscapes, compiled by the National Climatic Data Center.
Weather years were used in sequence, repeated for multiple cycles over a 250-year
simulation period.

e  Warmer climate: A climate change scenario in which temperatures increase by an
average of 2.8 °C relative to historical weather. Climate offsets for each landscape
represent an ensemble average of climate model projections for the A2 emissions
scenario (IPCC 2007) downscaled to 12 km for the period 2070 to 2099 (Girvetz et al.
2009).

FireBGCv2 simulations are usually performed with multiple replicates to account for stochastic
model elements (e.g., Loechman et al. 2011) but we did only one run per scenario for the purposes
of illustration. For each 250-year simulation, disturbances were implemented beginning in the
initial simulation year. We report two response variables sensitive to disturbance interaction
effel:cts: species composition (dominant species of each modeled stand) and tree basal area (m?
ha™).

Results
Average basal area across each landscape at all three study locations is highest under no-disturbance
scenarios and is subsequently reduced by WPBR, MPB, and fire (in order of increasing influence), and
then by their interactions (Figure 1). For CCE, EFBR, and YCP under current climate, fire activity alone
accounted for a substantial portion of the reduction in basal area as compared with the no-disturbance
scenario (8.7, 11.0, and 19.7%, respectively) while WPBR alone accounted for the least change (1.2, 1.0,
and 0.3%, respectively), presumably because of the low abundance of five-needle pines. However, fire
interactions with MPB and WPBR significantly changed basal area the most (Keane et al. 2015a), but
fire-MPB interactions further reduced basal area (11.5, 14.7, and 13.0%) and the interactions from all
three disturbances resulted in the most change (15.0, 18.6, 20.1%), even with five-needle pines a
relatively minor component of our simulation landscapes. While WPBR killed less than 1.0% of basal
area per year, it killed over 20% of the whitebark pine basal area. And MPB killed around 2% of basal
area per year but it killed around 15% of the total basal area of the pines. Fire killed from 4-6% of the
basal area per year.
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Figure 1. Boxplots showing the differences between non-disturbance scenarios with disturbance
alone and disturbance combinations for both current and future climates for the three simulation
landscapes: (A) Crown of the Continent (CCE), (B) East Fort of the Bitterroot River (EFBR),
and (C) Yellowstone Central Plateau. Letters atop each boxplot indicate significance (p<0.05)
across scenarios. Letters indicate the following disturbances: Fire and no fire (F, NF), MPB and
no MPB (B, NB), WPBR and no WPBR (R, NR).
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Disturbance interactions modeled under future climate significantly altered landscape basal area
as compared with no-disturbance and current climate scenarios. All three landscapes
experienced lower productivity in basal area under the no disturbance scenario with future
climate (10, 13, 46% reduction in basal area for CCE, EFBR, and YCP, respectively). Again, fire
was the most influential disturbance accounting for 12, 9, and 16% reductions in basal area killing about
5-7% of the basal area per year, and WPBR was the least significant disturbance (>1% basal area
reductions for all landscapes). The magnitude of the basal area reductions with disturbance interactions
were significantly larger under warmer climates with >15% reductions in basal area when all disturbances
were simulated.

Discussion

Several important results emerged from the simulation experiment. First, disturbance
interactions caused easily detectable, direct, and immediate effects on landscape basal area and
species composition (Figure 1). Second, in most cases, disturbance interaction effects
outweighed direct climate impacts on forests, and in all cases, disturbances and their interactions
modeled under future climate significantly altered basal area and species composition (Figure 1).
Third, the disturbance interactions were rarely additive across disturbances; the impact of one
disturbance alone is not the same as when other disturbances are included in the simulation.
Last, we found that effects of climate changes and disturbances differed across study areas
because they were mediated through species-specific sensitivity and susceptibility; landscape
responses may be non-linear as the result of reciprocal interactions of climate, fire, MPB, and
WPBR through several disturbance cycles. We conclude that climate changes acting in tandem
with these disturbances have the potential to shift landscapes to novel configurations.

Many factors determine the frequency and magnitude of landscape responses to interacting
disturbances (Keane et al. 2015a). The biophysical environment — and particularly landscape
composition and climate - is perhaps the most important. Species composition and configuration
(i.e., vegetation pattern) controls fire behavior and fire effects, and host availability for and
susceptibility to MPB attacks and WPBR infections. For example, current MPB outbreaks in
North America might have been less intense and more localized if wildland fires had not been
excluded over the last century because fire exclusion increased the abundance of host species of
sufficient size and abundance for insect and disease epidemics (Carroll et al. 2003). Predictions
of warmer temperatures and increased drought stress suggest that the total area susceptible to or
affected by beetle outbreaks and large or severe fires may increase in the coming decades
(Williams et al. 2013). Although climate changes directly affect forests, our results suggest that
indirect effects, mediated through disturbances and interactions, have greater impact.
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Introduction

Fire behavior models have shown utility in understanding and predicting the progression and
impact of wildland fires for both research and management applications. Detailed discussions of
the different types of existing models can be found in the reviews by Pastor et al. (2003) and
Sullivan (2009a; b). Each group of models has strengths and weaknesses that dictate the uses to
which they are suited. However, of all of these groups, detailed physics-based models are the
only which aim to include all of the relevant physical phenomena. These provide a number of
advantages, such as allowing their use in a more flexible predictive capacity. Detailed physics-
based models can also be used to develop or parameterize simplified models, such as fire spread
or smoke transport models, where experimental data may not be readily available. However, a
common criticism of these models, beyond computational demand, is the relatively limited
extent to which they have been evaluated against experimentation, particularly at the field-scale.
Such testing is a necessity given the significant number of input parameters required to run such
a model, some of which may not be well characterized. Therefore, our project is designed to test
model predictions against a set of experimental fire behavior measurements conducted in a
forested environment.

Here, we focus on the application of one particular detailed physics-based fire behavior
model, The Wildland-urban interface Fire Dynamics Simulator (WFDS), to describe a spreading
fire in a forested environment representative of the Pinelands National Reserve (PNR) in New
Jersey, USA, with an ultimate goal of understanding how environmental conditions and fuel
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characteristics can modify potential fire behavior. Such information can be of use to managers
and firefighters.

Wind is a key driving variable in wildland fire behavior, and therefore the drag
coefficient, which appears in the momentum equation as a sink term due to vegetation drag, is an
important parameter. However, the approach for defining this parameter has not been rigorously
tested for physics-based fire behavior models. There are two different formulations commonly
used to model this momentum drag within the raised fuel layer (shrubs and canopy), and these
are described in more detail below. We tested both approaches with the objective of simulating
fire behavior in a pine-dominated stand, and find that this choice varies the predicted quasi-
steady spread rate by a factor of 1.6. This difference is linked to heat transfer ahead of the fire
front, which in turn is related to the flame height.

Methods

Experimental methods

In order to provide the requisite data for model testing, measurements were made of
experimental fires carried in the Pinelands National Reserve (PNR) in New Jersey. The overstory
of the experimental blocks was predominantly pitch pine (Pinus rigida Mill.), and the shrub layer
in the understory was composed of huckleberry (Gaylussacia spp.), blueberry (Vaccinium spp.),
and scrub oaks (Quercus spp.). Measurement techniques included both remote sensing, yielding
quantities such as spread rate from aerial IR and pre- and post-fire canopy bulk density (CBD)
from aerial LiDAR, and point-based measurements, yielding quantities such as wind speed (both
at and below canopy height), temperatures, and radiative heat fluxes. A full treatment of all
experimental measurements is beyond the scope of this presentation, though an example of some
early analysis can be found in Mueller et al (2014). The present simulations focus on one of the
experimental fires, conducted in March 2014.

Numerical methods

WEDS is a Computational Fluid Dynamics (CFD) model that uses Large Eddy Simulation (LES)
to directly resolve turbulent eddies that are larger than grid scale, and includes submodels for
combustion, radiative transport, subgrid-scale turbulence. It is built upon the Fire Dynamics
Simulator (FDS) (McGrattan et al. 2010), and employs a multiphase formulation for the
description of subgrid-scale vegetation elements, originally developed by Grishin (1997) and
Larnini et al. (1998). Details specific to the WFDS formulation can be found in Mell et al. (2007,
2009), and only aspects relevant to the problem formulation are discussed here.

The simulations presented focus on a sub-section of interest from the full experimental
burn block, as shown in Figure 1. This choice was made in order to reduce run times and thus
facilitate the study of a number of parameters that are not well defined experimentally, before
moving on to larger scale simulations. The area encompassed by the numerical domain was 240
m x 225 m x 76.5 m. The horizontal grid resolution was 0.5 m x 0.5 m, while the vertical
resolution was 0.5 m at ground level and, starting at a height of 2h (where h is canopy height),
was stretched progressively to 1.5 m. A north wind was specified by a fixed velocity profile at
the maximum y-boundary. The magnitude at canopy height was 3.9 ms™! (following measured
values), and a logarithmic profile was used above canopy and an exponential profile below. Key
input parameters related to the vegetation are based on experimental measurements, and are
given in Table 1. A vertical profile of CBD for live needles, considered to be the main
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Table 1: Key vegetation input values for surface-to-volume ratio (o), bulk density (py), element density (p.), and moisture
content (M). Subscripts refer to live canopy needles (In), dead litter layer needles (dn), and fine woody shrub fuels (s1-3).
Shrub fuels are subdivided into diameter categories of 0-2 mm (s1), 2-4 mm (s2), and 4-6 mm (s3).

Parameter Value Parameter Value Parameter Value

Gin, Gdn 4661 m’! Pe.dn 615 kg'm’ Pb.si-3 0.181 kg'm™
Pb.ln see Figure 2 Min 20 % Pesi-3 512 kg'm’
Pe.ln 787 kg‘I’Il'3 Os1 4000 m™! M3 61 %

M, 114 % o5 1333 m!

Pb.dn 20.6 kg'm™ Cs3 800 m'!

Figure 1: (a) Satellite imagery and (b) close up of fire progression contours (obtained from aerial IR imagery) of the
experimental burn block. The numerical simulation domain is overlaid (dotted blue line), and the simulated ignition line is
shown in red.

Figure 2: Block average of live needle CBD used for the simulations, as determined from calibrated LiDAR data. Note that as
shrub fuels dominate below 1 m, the bulk density within this volume is specified from field sampling values (see Table 1) and
are not included here.

contributors of fire intensity and momentum drag, in the forest canopy (Figure 2) was obtained

from an average over the whole region of 10 m x 10 m raster data generated from the LIDAR
measurements (Skowronski et al. 2011). The vertical resolution is 1 m. CBD in the shrub layer
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(lowest 1 m) and the litter layer of dead needles was obtained from destructive sampling pre-fire
(Table 1).

In many LES-CFD studies of flow through forest canopies, a drag force is represented in
the form of Equation 1, which is dependent on the one sided leaf area density (ar) and the drag
coefficient (cq) set as a fixed value, depending on the vegetation characteristics.

(Faidv,= -pcqasu;|ul (1)

This approach has been used to test WFDS for canopy flow previously (Mueller et al. 2014), and
has also been applied to FIRETEC, another physics-based fire behavior model (Pimont et al.
2009). However, a number of studies employing the multiphase formulation for wildland fire
modeling consider the bulk influence of the many subgrid particles by summing the contribution
of each (e.g. Morvan and Dupuy 2004; Mell et al. 2009), resulting in a form following Equation
2. Here, cq is a Reynolds number-dependent quantity based on the assumed particle geometry
(cylinders, in our case), cs is a shape factor (1/(2n) for cylinders), and the other quantities are
defined based on the vegetation (see Table 1).

(Faidv,= -PCaCsOe(py/p,)uilul (2

These two formulations are tested for modeling drag forces in both the canopy and shrub layer in
the numerical simulation described above, with cq= 0.25 for Equation 1. With this choice, for a
given vegetation type, Equation 2 will result in greater drag, particularly at low velocities. For
example, for live pine needles at a CBD of 0.05 kg'm™ and a velocity of 0.1 ms!, the drag from
Equation 2 will be 10 times greater. With increasing velocity, the ratio of the relationships
reaches an asymptote at a value of 2.5.

Results and Discussion

A logical starting place for analyzing the simulation results is with broad fire behavior
descriptors such as progression, or spread rate. Figure 3 shows that static drag coefficient
progresses more rapidly during the initial stages (during which a surface fire was observed), but
has a good match to the experimental spread rate from P2-P4 (during which a period of crown
fire occurred). The dynamic formulation matches quite well initially (P1-P2), but under-predicts
the more rapid spread following P2. In general, the time for the fire to reach 100 m increases by
nearly 1.6 for the dynamic drag coefficient. In neither case is the simulation able to predict the
sudden drop in fire spread following P4. However, this steady spread is expected as the modeled
fuel loading is spatially homogenous and the wind speed is temporally homogenous, giving no
reason for a sudden change in fire behavior.
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Figure 3: Simulated fire front progression (solid lines) compared with experimental progression (symbols). In both cases, the
progression is determined by evaluating the distance traveled from the ignition line along a transect halfway between the
center and rightmost road in Figure 1. Due to uncertainties associated with modeling the ignition process, the simulation
times have been shifted so that the time of the fire at P1 is consistent for all cases and only the progression following this
point is considered.

In order to better understand the reasons for these different predictions, an investigation
of some more detailed aspects of the fire behavior was carried out. Figure 4 shows an example
assessment of flame structure (T > 300 °C) and the characteristic radiative heat flux to the needle
litter bed. It is clear that the higher air flow from the lower drag values result in taller flames
(though the flame angles appear similar) with a greater depth, and thus higher heat fluxes (with a
peak value roughly 1.7 times that for the dynamic drag coefficient). This increased thermal
transfer to the fuel results in the more rapid fire spread observed in Figure 3. An investigation of
the simulated fuel bulk density and consumption will help reveal which fire behavior (and thus
drag formulation) is more in line with expectations, given that average values are used compared
to the range of bulk densities observed in the experiments.

Figure 4: Examples of simulation difference in terms of (a) 5-s average of flame front temperatures along a transect on the y-
axis (bisecting the flame front), and (b) incident radiative flux onto the needle litter fuel bed. Both figures represent the fire
after traveling 45 m, or close to P2.

Conclusions

In this work, it is shown that WFDS is capable of giving a reasonable prediction of fire
progression when compared to the experimental data. However, for this scenario, the results are
sensitive to the formulation of the drag coefficient. The differences in broad fire behavior are
linked to more fundamental characteristics of the flames, with a static drag coefficient tending
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towards larger flames and faster spread. Ongoing experimental analysis of these types of
characteristics (such as temperatures and heat fluxes) will shed more light on the quality of the
two different approaches, but ultimately a more robust characterization of drag within these types
of fuel beds is recommended. Finally, implementation of heterogeneous descriptions of wind and
vegetation will help assess the ability of the model to capture the dynamic fire behavior observed
in the experiments.
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Abstract

Forests that regenerate exclusively from seed following high-severity fire are particularly
vulnerable to local extinction if fire frequency leaves insufficient time for regenerating plants to
reach sexual maturity. We illustrate this using obligate seeding alpine ash (Eucalyptus
delegatensis) forests in the montane regions of Victoria, Australia, that were burnt by megafires
in 2003, 2007 and 2013, including some areas that were burnt three times.

Eucalyptus delegatensis is a tall, long-lived tree that regenerates following fire disturbance,
which stimulates the release of seed from an aerial seedbank. If regenerating stands are burnt
before they reach sexual maturity (after about 20 years) the species suffers local extinction and
can only re-establish via gradual colonisation (Bowman et al. 2013). Aerial and field surveys in
an area that was burnt by three fires (2003, 2007 and 2013) in the Alpine National Park, Victoria,
demonstrated the complete population collapse of this species (Bassett ef al. 2014).

We evaluated the relative importance of extrinsic (such as fire weather and climate cycles) and
intrinsic (such as fire hazard) factors in driving the demographic collapse of these obligate seeder
forests. Geospatial analyses showed only a small effect of stand age on remote sensing estimates
of crown defoliation, but a substantial effect of forest fire weather, as measured by forest fire
danger index (FFDI). Analysis of meteorological data over the last century showed that peaks in
5-year running average FFDI cycles precede major fires in the E. delegatensis forests.

Such strong extrinsic climate/weather drivers of high severity fires matches similar conclusions
concerning the effect of climate change on western USA forests and Mediterranean basin
shrublands dominated by obligate seeders (e.g. Moritz et al. 2004; Westerling et al. 2011) and is
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consistent with the ‘interval squeeze model’ model (Enright ef al. 2015), which postulates the
vulnerability of obligate seeder forests to demographic collapse in response to reduced tree
growth rates and worsening fire weather under climate change.
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Introduction

To present time the method of prognostic modeling of forest fire danger based on probabilistic
criteria and d eterministic models of i gnition is de veloped [1]. Factor of storm activity can be
marked out among various ignition sources of fore st fuel. Cloud-to-ground lightning discharge
leads to forest fire occurrence [2]. The further de velopment of prognostic modeling is possible
using physically proved mathematical models of forest fuel ignition by a current of cloud-to-
ground lightning discharge. Creation of information-computational and geoinformation systems
[3] s hould be come the fur ther d evelopment of technologies for fore st fire forecasting in this
direction. U sing of geoinformation technologies provides the s patial data analysis and results
visualization.

Such systems can be developed for various scale of territories. For example, ISDM-Rosleshoz
system [4] functions in Russia and there is a creation of ForestGIS system in Ukraine [5] for an
estimation, monitoring and forecasting of forest fire danger in territories of state scale. During
too t ime, industry geoinformation s ystems ar € m aintained i n ea ch t imber e nterprise [6].
However, such systems do not consider forest fire danger.

The purpos e of pr esent article is d evelopment of g eoinformation s ystem prototype for an
estimation of the forest fire danger caused by storm activity using specialized program tools and
remote sensing data.

Probabilistic Forest Fire Danger Assessment
The probabilistic approach to estimation of the forest fire danger is used.
A formula for definition of forest fire occurrence probability is presented below [7]:

P, = [P(A)P(Aj /APFF/AA)+P(L)P(L; /L)P(FF /L, Lj)JPj(D),

Here Pj is the probability of forest fire occurrence for a j interval at a controlled forest area; P(A)
is the probability of anthropogenic load; P(Aj/A) is the probability of fire source existence on the
J day; Pj(FF/A, Aj) is the probability of fire occurrence as a result of the anthropogenic load in
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the stratum; P(L) is the probability of dry storm occurrence on the stratum territory; P(Lj/L) is
the probability of ground storm discharge; P; (FF/L,L;) is the probability of lightning-induced
forest fire oc currence under the c ondition that dry storm may oc cur on t he s tratum t erritory;
P;j(D) is the probability of fi re oc currence in weather conditions of fore st fire maturation (the
probability of the forest fuels layer to be dry); j index corresponds the day of fire danger season.
The following behavior scenario of a human in the forest is chosen: when the storm occurs, the
human is trying to leave the forested area or to find shelter, i.e. there is no anthropogenic load
when there is a storm (incompatible events).

GIS Structure

The described geoinformation system at first carries out preliminary processing of the entrance
information. Data on hot points from products MODIS Terra/Aqua [8] are used. Then attributive
tables are forming next stage. Data import on s torm activity of ne twork WWLLN [9] is used.
Then the prepared information arrives in the output agent o f geospatial data where thereis a
definitive formation of initial data for subsystems of GIS-system and m athematical models of
trees ignition by the cloud-to-ground lightning discharge [10]. The analysis of thermal anomalies
on controlled forested territories using remote sensing data is carrying out at this stage. Forest
fire d anger estimation is car rying out at a f ollowing s tage. Re sults are v isualizing on a n
electronic map of controlled forested territories. Topological base described in Fig. 1.

Figure 1: GIS topological base (Timiryazevskiy forestry) for assessment of lightning-caused forest fire danger
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Results and Discussion

Forest fire danger of T omsk region is d etermined by presence of a c onsiderable share of t he
coniferous woods, developed flammable surface cover and the hot dry summer. The climate of
Tomsk region is sharp-continental of boreal type. There are conditions especially favorable for
occurrence of fore st fires in territories with continental climate. Three pe aks of seasonal fire
activity are expressed in forests of T omsk region depending on weather conditions: spring fires,
summer s teady fires an d au tumn. Feature o f To msk region fore sts is co mbustible m aterial
presence in all plantings. Mainly surface fires (98,5 %) de velop in region, on a share of crown
fires correspond 1,1 % of i ncidents and 12,5 % of t he burnt area. There are underground fires
even less often. The share of fires for the anthropogenous reasons on years is stable enough, and
fires from a lightning discharge have cyclic character. The periods with mass thunder-storms are
replaced by quieter.

The created GIS-system should carry out the basic function: to classify forests on level of fire
danger in the conditions of influence of storm activity. Realization of technique for estimation of
forest fire danger caused by storm activity allows to develop following recommendations:

1) It is necessary to have actual forest taxation descriptions of controlled forests (age of a

forest stand, change of shares of trees of deciduous and coniferous breeds);

2) Ground fuels descriptions should be included in standard forest taxation description;

3) Forest site is a minimal area to carry out a precision estimation of forest fire danger;

4) Quarter and local forestry are the basic for estimation of forest fire danger;

5) It is necessary to assign forest wardens for monitoring over fire-dangerous forest plots near to
settlements;

6) It is expedient to mount and establish the observant towers equipped with systems of video
registration and r emote ac cess, for example, on channels o f cellular co mmunication GSM in
places of hi gh c oncentration of fi re-dangerous s ites. Observation point ¢ an be e quipped with
GPS or GLONASS navigator and the cellular modem for this purpose.

7) It is necessary to organize optimum routes of flights of planes for the purpose of monitoring of
the most fire-dangerous areas in distant territories.

8) It is necessary to process remote sensing images for fire-dangerous territories at availability of
the satellite information.

The selective estimation of forest fire danger for the territory of the Timiryazevskiy local forestry
of the Timiryazevskiy fore stry of T omsk region spent. It is established as a result of s uch
estimation, that only coniferous and the part of the mixed forests represents fire danger caused by
storm activity.

Conclusion

The prototype of geoinformation system for estimation of the forest fire danger caused by storm
activity is presented in this paper. The system includes databanks of forest taxation descriptions,
map-raster with geobinding and layer with data of remote sounding. The complex estimation of
the forest fire d anger caused by s torm activity is p ossible based on ground da ta e valuation,
computing models of ignition and remote sensing monitoring of hot spots in forests.

72



Acknowledgements
GIS part of present work implemented under financial support of Russian Foundation for Basic
Research. Grant number 16-41-700831.

The authors wish to thank the World Wide Lightning Location N etwork ( http://wwlln.net), a
collaboration among over 50 uni versities and institutions, for prov iding the lightning 1 ocation
data used in this paper.

Forest Department of Tomsk region provided forest taxation descriptions.

References

1.

2.

10.

Baranovskiy NV (2012) Thermophysical aspects of prognostic m odeling of forest fire
danger. Dissertation (TPU, Tomsk) (In Russian)

Amatulli G, P erez-Cabello F, DulaRival] (2007) M apping | ightning/human-caused
wildfires occurrence under ignition point location uncertainty. Ecological Modelling 200,
321-333.

Vakalis D, Sarimveis H, Kiranoudis C et al. (2004) A GIS based operational system for
wildland fire crisis I . M athematical modelling an d s imulation. Applied Mathematical
Modelling 28, 389-410.

Podolskaya A'S, Ershov DV, Shulyak PP (2011) Application of a method for estimation
of forest fire o ccurrence probability in [ SDM-Rosleshoz. Modern problems of remote
sounding of the Earth from space 8, 118-126. (In Russian)

Zharikova MV, Baranovskiy NV, Lyashenko EN (2012) Conceptual project of the web-
oriented geographical information system for the forecast of forest fire danger. Fire and
Explosion Safety 21, 62-68. (In Russian)

Kuznetsov V1, Kozlov NI, Homyakov PM IIM (2005) Mathematical modeling of forest
evolution for management of a forestry (LENAND, Moscow) (In Russian)

Baranovskiy N , Z harikovaM (2014) AW eb-Oriented G eoinformation S ystem
Application for Forest Fire D anger P redictionin Typical Forests o ft he U kraine. in
Lecture Notes in Geoinformation and Cartography. Thematic Cartography for the Society
(Eds. Bandrova T, Konecny M, Zlatanova S). pp. 13-22. (Springer, Heilderberg)

. Kir’yanova EY., Savin IY (2013) Crop canopy heterogeneity detected based on MODIS

satellite data as an indicator of contrast in soil patterns. Russian Agricultural Science 39,
342-345. (In Russian)

Lay EH, Holzworth RH, Rodger CJ, Thomas JN, Pinto O Jr., Dowden RL (2004) WWLL
global 1 ightning d etection s ystem: R egional v alidation s tudy i n B razil. Geophysical
Research Letters 31, 1-5.

Kuznetsov G V, B aranovskiy NV (2014 ) Mathematical s imulation o f h eat t ransfer at
coniferous tree ignition by cloud-to-ground lightning discharge. EPJ Web of Conferences
76, Paper 01028, 1-6.

73



Proceedings for the 5th International Fire Behavior and Fuels Conference
April 11-15, 2016, Portland, Oregon, USA
Published by the International Association of Wildland Fire, Missoula, Montana, USA

High Fidelity Reduced Order Models for Wildland Fires

Alan M. Lattimer*
Virginia Tech, Blacksburg, VA, USA, alattime @vt.edu

Brian Y. Lattimer
JENSEN HUGHES, Blacksburg, VA, USA, blattimer @jensenhughes.com

Serkan Gugercin
Virginia Tech, Blacksburg, VA, USA, gugercin@vt.edu

Jeffrey T. Borggaard
Virginia Tech, Blacksburg, VA, USA, jborggaard @vt.edu

Kray D. Luxbacher
Virginia Tech, Blacksburg, VA, USA, kraylux@vt.edu

Introduction

The modeling and simulation of fires is a complex, multi-scale problem. The need to create ac-
curate models extends from prevention to prediction to damage control management. Since these
problems are so complex, even models of moderately-sized fires in relatively small domains re-
quire significant computational resources and time to solve. Further, the actual physics are of-
ten difficult to model exactly, e.g. the exact fuel loading and distribution in a burning room or
wildland fire. To this end, much of the focus in the fire community has been on simplifying the
physics of the problem to obtain reasonable models. Current techniques for reducing fire mod-
els, such as proper orthogonal decomposition (POD) (see Kunisch and Volkwein [2002], Hinze
and Volkwein [2005], Sharma et al. [2013], Volkwein [2013]), often have limited effectiveness
due in large part to the inherent nonlinearities that exist in fire models. Regardless of the size of
the reduced-order model (ROM), the nonlinearities must still be evaluated at the full-order of the
model. This issue, referred to as the lifting bottleneck, must be addressed in order to fully realize
the computational gains for a given reduced-order model. In this paper, we examine reduced-
order modeling for two different fire models. For the wildland fire-spread model given by Mandel
et al. [2008], we employ DEIM (see Chaturantabut and Sorensen [2010]) to address the compu-
tational bottleneck associated with the nonlinearity in the model. We then examine fire-plume
models in relation to the underlying structure of the fire. Additionally, we evaluate the quality of
the ROM with regards to capturing the essential features of the fire.

Wildland Fire-Spread Model

Large-scale models for real-time simulations, as required for predicting wildland fires, are avoided
due to limited computational resources. On the other hand, lower spatial resolution limits the
physics that can be captured by the models. Reduced-order modeling is an approach that retains
the physics of the problem while simultaneously reducing the computational costs. The accuracy
and improved computational efficiency are demonstrated by building a ROM for a wildland fire
spread model.

*ICAM, 765 West Campus Dr., Blacksburg, VA, USA, alattime @vt.edu
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Basic Description

We explored a reduced-order model (ROM) for the phenomenological model suggested in Man-
del et al. [2008] to predict flame front propagation in wildland fires given by

oT 9T T B

o= Kam g rals T - m). @
as B

22 o ySe B/(T-To)

o 1% ’ (2)

where T is the temperature, and S is the mass fraction of fuel in a propagating fire. Using con-
stant parameters and wind velocity, the nonlinearity of this model occurs via a reaction term.

Proper orthogonal decomposition (POD) is the most commonly used technique to produce ROMs
for complex nonlinear dynamics Hinze and Volkwein [2005]. POD has been used to reduce wild-
land fire-spread models (e.g. Mandel et al. [2008]) in Sharma et al. [2013], Guelpa et al. [2014]
to achieve modest gains in computational performance. Though ROMs using POD are effective,
they can be significantly improved for nonlinear systems by addressing the so-called lifting bot-
tleneck using the Discrete Empirical Interpolation Method (DEIM) described below. This lifting
bottleneck occurs when computing the reduced nonlinear term, since standard POD first lifts the
reduced variables up to the full-order dimension, evaluates the nonlinear term, then projects the
result back down to reduced dimension. Therefore, the computational gains compared to the orig-
inal model are limited since the nonlinear terms are computed at the full-order dimension.

Discrete Empirical Interpolation Method (DEIM)

Suppose we have a nonlinear system given by x(¢) = Ax(7) +f(x(¢)) where A € R**", x: R — R",
and f : R” — R”. Suppose that V € R"*" is the projection matrix that we determine using POD.
Then using a Galerkin projection we see that the ROM would be

x,(t) = VIAVx, (1) + VI £(Vx,.(1)), (3)
Ayrxr rxn nx1

where x, : R — R’. For the nonlinear term, x,(¢#) must be lifted back to the original size of the
state space, i.e. Vx,(r) € R", before evaluating f. This implies that the computational complexity
of calculating the nonlinear term is order n.

VT AN VT (PTU)—I —_— Ep

: "

rXm
mxm m

Figure 1: Visual depiction of the DEIM approximation V7 f(¢) ~ Epfp(t).
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We can reduce this complexity be employing DEIM Chaturantabut and Sorensen [2010], a dis-
crete variant of the Empirical Interpolation Method introduced in Barrault et al. [2004]. Given
the nonlinear dynamics in (3) from the nonlinearity f : R” — R", during a simulation, in addition
to the snapshots of the state-vector x, we collect snapshots of the nonlinearity f. Then, we com-
pute the DEIM-projection matrix U as the leading left-singular vectors of the nonlinear snapshots,
i.e., we compute a POD basis for the nonlinearity. Let U € R"*™, where m < n. Then, the DEIM
approximation of f is given by

() =uP"U)""P1(r), (4)

where P is the n x m DEIM-selection operator, obtained by selecting certain columns of the n X n
identity matrix I. The reduced nonlinear term, then, becomes

f.(x,(1))=~VI UPTU) " 'PTE(Vx,(1)). 5)

We emphasize that, in contrast to the analytical formula given by (5), for a numerical imple-
mentation, one computes f,(x,(¢)) without lifting x,(¢). Instead, one evaluates f,(x,(z)) at se-
lected rows of Vx, (7). The selection operator P enforces interpolation at the selected indices of

f, called the DEIM indices, and those indices are computed via a greedy search process. When
we have a component-wise nonlinearity, as we do here, we can move P into the nonlinear func-
tion. We can then define Ep := VIU(PTU) ! and fp(¢) := £((PTV)x,(t)), where Ep € R™"™"
and (PTV) € R™*" only have to be computed once. For details, we refer the reader to the original
source Chaturantabut and Sorensen [2010]. In our implementation, we employ a new variant of
DEIM recently developed by Drmac and Gugercin [2015] where the greedy search is performed
via a pivoted QR decomposition.

Figure 2: FOM versus the POD/DEIM ROM where rr = 250, rs = 150, and rpgiy = 250.

Methods and Numerical Results

For the wildland fire-spread model (1)-(2), we can discretize the system using finite differences to
create the following discretized model

50 =1 o [0+ w360 ®

where f[T(z),S(r)] =S(r)eB/(T0)=T) is the nonlinear function that is approximated using DEIM.
Additionally, separate POD bases were built for the temperature and fuel mass fractions. This
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also saved computational costs since the fuel mass fraction did not require as many basis vectors
to accurately represent the results. For our testing we used the parameter values specified in Man-
del et al. [2008], and the system was discretized from 0 to 1000 m in 0.2 m increments and solved
over 3000 s. The initial condition has a fire at the 500 m location. The fire then propagates across
the domain towards both boundaries based on equations (1-2) as seen in Figure 2.

Temperature Profile at t = 2500 s Location of Maximum Temperature over Time
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Figure 3: Fire spread for FOM, POD, and POD/DEIM.

Using the data snapshots created, r7 and rg number of POD bases for T and S, respectively, were
created. Further, POD was enhanced by projecting the nonlinearity using 250 DEIM vectors. Fig-
ures 2 and 3 show that the POD/DEIM ROM provides an excellent approximation of the full-
order model (FOM) matching both the flame front location and temperature profile quite well.

Table 1: Results for the ROM. Solution time for the FOM was 99.1 s

# POD Vectors POD POD/DEIM

rr/rs/rpeiy Time (s) Speedup  Rel Error  Time (s) Speedup  Rel Error

70/35/250 1.33 74.6 1.7471e-02 0.13 760.1 1.7594e-02
200/150/250 15.4 6.38 4.3329¢-03 0.72 137.6 5.2877e-04
200/200/250 18.5 5.31 1.8478e-02 0.84 118.2 1.3873e-02

As shown in Table 1, the solution times increase when more POD/DEIM vectors are used, but
even the largest ROM using POD only was five times faster than the FOM. Further the relative
error between the full-order and reduced-order model solutions was less 2% in all cases with a
minimum of 0.43% when using 200 POD vectors for 7" and 150 POD vectors for S. When using
POD with DEIM, the solution times were significantly better than POD alone while maintaining
essentially the same error. The results demonstrate that using POD with DEIM can reduce the
computational time by 2-3 orders of magnitude while retaining the physics and prediction accu-
racy.

Fire Plumes

Fire-plume simulations involve fine scale discretizations of coupled nonlinear PDEs. The com-
plexity of the simulations are such that one cannot expect reduced-order models to accurately
capture every feature of the simulations. In fact, a fundamental premise of reduced-order mod-
eling in these cases is an underlying low-dimensional manifold for the full-order simulation.
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However, many of the applications of fire modeling do not require knowledge of the states at ev-
ery point in time and space, but rather they need to capture certain characteristics of the fire that
would be useful for either making safety design decisions or to evaluate real-time fire suppres-
sion strategies. When considering how well a ROM of a fire matches the full-order fire model, we
consider the following: 1) Dynamics, 2) Magnitude, and 3) Oscillation frequency and amplitude.
We see that these criteria do not seek to strictly minimize an error between the FOM and ROM at
some particular time step, but they do measure the efficacy of the ROM in representing the fire.

Description and Methods

Using the Fire Dynamics Simulator (FDS) software we generated a 2D full-order model of a 40
kW methane plume fire. Data was captured for 500 time steps evenly spaced over 20 seconds. To
produce a ROM for this data, we used the PDE in (7)-(9) for our model.

%:_“'V“—Verszu—Bg(T—Too), %)
0=V.u, (8)
aa_f = —u-VT +aV>T. (€))

In particular, we wanted to investigate how close we could get to the actual fire model without

Figure 4: The left image shows the temperature POD modes for the small plume fire. Here we show POD modes 1,
2,3,4,5,10, 15, and 20 from left to right, top to bottom. On the right we show a typical reconstructed image created
from the POD modes.

incorporating the combustion. From the snapshots, we created » POD basis modes for the u ve-
locity, v velocity, and temperature 7" and used them to project the full-order PDE. Looking at the
POD modes in Figure 4, we see that even though a fire seems to have random behavior, there are
some underlying structures that exist. Further, the initial POD modes capture the overall shape
and distribution of the fire, whereas the higher modes capture the finer details. The ROM seems
to do a good job of capturing the dynamics of the system. While not exact, we do see the types
of the oscillations of the mean and maximum temperatures and velocities indicative of a fire. The
model was not quite as good at approximating the mean or maximum of the temperature or veloc-
ity. This 1s most likely due to the contribution of combustion in the FOM. Finally, the frequency
of the temperature and velocity oscillations matches the FOM very well. However, the ampli-
tudes of the oscillations were not as large as the FOM. Overall, the ROM does a good job of cap-
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turing the fire dynamics, but to truly match the magnitude of the fire, the combustion aspect will
need to be incorporated.
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Figure 5: Maximum temperature and vertical velocity comparison between ROM and FOM with r = 20.
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Introduction

Assimilation of fire perimeter data into a numerical coupled atmosphere wildfire-fire prediction
model is key to simulating wildfires that at the moment of detection have already evolved to a
noticeable perimeter, especially when the exact ignition location is unknown. In the case of long-
lived (multi-day) fires, cyclical assimilation of newly available perimeter observations may be
used to correct the model state and potentially improve the fire spread prediction. In existing
operational wildfire spread models without two-way coupling with the atmosphere, the state of
the fire does not affect the state of the atmosphere, the existing fire perimeter may be simply
specified by the burnt area and ignited at once. After the whole fuel inside the perimeter burns
the fire will naturally propagate outward from the burnt area. In a coupled numerical fire-
atmosphere prediction framework however, the ignition procedure itself affects the atmospheric
state (especially local updrafts near the fire line and the near fire winds). Therefore, more
attention is needed during the ignition process to assure that the atmospheric component of the
model does not become numerically unstable due to the excessive heat flux released during the
ignition, and that realistic fire-induced atmospheric circulation is established at ignition time. In
this work we use WRF-SFIRE to test four different approaches to the perimeter ignition process.
For each, we compare in-plume updraft velocities to values observed during the FireFlux2
experiment and to values from a WRF-SFIRE benchmark simulation based on the actual
FireFlux2 ignition procedure.
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Modeling setup

The numerical experiments are performed using the coupled fire-atmosphere model
WREF-SFIRE (Mandel et al. 2011). WRF-SFIRE couples WRF (Weather Research Forecasting
System: (Skamarock et al. 2008) with SFIRE, a fire spread model based on a semi-empirical

approach to fire propagation
(Rothermel 1972) and the level-set
method for fire tracking (Osher
and Fedkiw 2003). WRF provides

realistic meteorological forcing
that is wused to drive the
parameterized fire progression

(Fig. 1), while heat and moisture
fluxes at the fireline are fed back
into WRF so that the atmospheric
state responds to the presence of
the fire. The fire-affected winds
are used to compute the fire's rate-
of-spread, resulting in a two-way
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Figure 1. Schematic representation of WRF-SFIRE.

atmosphere-fire coupling. WRF-SFIRE aims to capture the important fire-atmosphere feedbacks
and explicitly simulate pyroconvection without external parameterizations. Recent enhancements
to WRF-SFIRE include a predictive fuel moisture model with meteorological components that

Figure 2. Model domain with the location of

ignition lines (yellow and orange), the
measurement tower (red point), and the

perimeters at 300s and 312s from the simulation

start derived from IR observations.
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provides detailed temporal evolution of fuel
moisture (Mandel et al. 2014).

In the following sections we present numerical
simulations of a grass land fire on flat ground,
mimicking the FireFlux2 prescribed burn
(Clements et al. 2014). The model domain
covered an area of 1000mx1600m at 10m
atmospheric resolution, with a surface fire
mesh of 1m resolution (1:10 fire:atmosphere
grid refinement ratio). The model top was set
to 1200m and 80 vertically stretched levels
were used with depths varying from 2m at the
surface to 37.75m at the domain top. Open
boundary conditions were used so that the fire-
induced turbulence does not contaminate the
inflow. The simulation was started at 15:00:00
(hh:mm:ss) on 31* Jan 2013. The model was
run for 15 minutes with a time step of 0.25s
and output saved at Ss intervals. Fire ignition
was started 252s into the simulation in the
form of two ignition lines progressing from the
ignition center to the sides of the plot, as
shown in Fig. 2. Tall grass (fuel category 3)
with a fuel moisture of 18%, depth of 1.25m,
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and load of 1.08kg/m” was used to characterize the fuel. The atmospheric model was initialized
with vertical profiles of wind, temperature, and moisture derived from the main tower (Fig. 2)
and radiosonde observations prior to the burn.

Results from the benchmark simulation
In order to have a reference point for the different ignition strategies tested in this study,
we performed one benchmark simulation. It was started from two ignition lines corresponding to
the actual FireFlux2 ignition procedure (see Fig. 2), and run continuously for 15 minutes. The
time series of the updraft
velocities near the fire front head
are presented in Fig. 3. The
figure shows pyroconvection
visible first at 20m above the
ground level (AGL) and
subsequently at 10m and 6m
AGL as the tilted plume hit the
sensors at lower elevations. The
maximum simulated updraft
velocities were 5.1m/s, 4.4m/s
Figure 3. Simulated updraft velocities at the location of the main tower and 3.4m/s at 20m, 10m and 6m
at 6m, 10m and 20m above the ground level for the benchmark run. AGL respectively, compared to
observed 7.5m/s 5.9m/s and
4.4m/s. The main reason for the discrepancy is that the simulated fire head slightly missed the
tower location. The maximum simulated updrafts at the fire head were significantly higher and
closer to observations (7.0m/s, 6.2m/s and 4.9m/s at 20m, 10m and 6m AGL, respectively).

Instantaneous ignition of entire area contained by fire perimeter

As a first test, the fire was instantaneously ignited from the fire area encompassed by the
perimeter presented as purple line in Fig. 2. This simulation led to unrealistically high fire heat
flux that induced very strong updraft/downdraft couplets. The fire did not reach the tower before
updraft velocities at 10m reached 52 m/s, violating the CFL (Courant-Friedrichs—Lewy)
numerical stability condition and terminating the run.

Fire perimeter ignition with inside fuel

In the second test, the same fire is instantaneously ignited, but only along the fire perimeter. This
scenario corresponds to a situation when a fire perimeter is known (for instance from airborne IR
observation), but there is no information about the amount of fuel available within the fire
perimeter. This strategy effectively reduces the instantaneous fire heat flux and improves the
model stability so that simulation completes without violating the CFL condition. Unfortunately,
the updraft velocities simulated in this case (see Fig 4) do not match the benchmark simulations
and observations. The maximum updraft occurs at 10m as opposed to 20m, which indicates that
the convective column is not fully evolved by the time the fire front hits the tower location.
Vertical velocities are underestimated (less than 4 m/s maximum updraft), with peaks at all
levels occurring at the same time indicating a close to vertical plume. Downdrafts are also active
for about 5 minutes after the fire maximum updraft occurred, that are not visible in the
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benchmark run. At 11 minutes into the simulation, secondary updrafts appear at 6m and 10m

AGL, most likely artifacts of the ignition technique. Although the perimeter ignition procedure

applied in this case solves the

stability problem, the presence

of unburned fuel within the

fire perimeter results in

propagation of the fire both

inward (inside the ignited

perimeter) and  outward

(outside of it). It seems that the

additional buoyancy associated

with the secondary fire front

consuming the fire inside the

perimeter negatively impacts

. o . o _ the circulation near the fire

Figure 4. As in Fig.3 but for the instantaneous ignition from the perimeter. | .. 4 making it less realistic.
Fire perimeter ignition without inside fuel

This technique is similar to the previous one with the fuel ignited along the fire perimeter,

but in this case the fuel inside of the fire perimeter was set to zero so that the fire could propagate

only outside the perimeter. By removing the fuel available for burning from inside the perimeter,

the formation of the secondary

fire front behind the fire head

is avoided. Compared to the

previous case, the updraft

structure from this run is much

closer to the benchmark

simulation. = The  vertical

velocities increase with height

as expected, but their values at

6m and 10m AGL are

significantly smaller than in

the benchmark run (2.8m/s

and 3.5m/s vs. 3.4m/s and

Figure 5. As in Fig.3 but for the instantaneous ignition from the 4.4m/s), while the updraft at

perimeter with the fuel removed from inside of the fire perimeter 20m is much stronger than in

the benchmark run (9.7ms vs. 5.5m/s). These discrepancies suggest that when the simulated fire

passed the tower location the fire-atmosphere equilibrium was not yet fully established. This

strategy, even though providing better results than the previous ones, may be difficult to apply in

a case of a real fire. The fire perimeter observation itself does not carry explicit information

about the fuel state within it. In reality there are often regions behind the fire front that did not

burn or are still burning after the fire front passage. The assumption that all the fuel inside the

fire perimeter has burned is convenient from the modeling standpoint but may be unrealistic in a

case of an actual wildland fire that does leave patches of unburned and still burning fuel behind

the fire front.
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Gradual ignition from the fire replay

To assure that fuel is depleted within the fire perimeter and that the atmospheric circulation is in

sync with the fire, the following procedure is
deployed. First a synthetic history of the fire's
progression is generated. The historical fire
progression up to the restart time is encoded in the
fire arrival matrix so that isochrones represent
fire position at any given time. At any simulation
time, the burned area corresponds to the points
with the fire arrival time earlier than the
simulation time (fire was already there), while the
area outside of the fire perimeter corresponds to
the points with the fire arrival time later than the
simulation time (fire is not yet there). The fire
arrival time matrix used in this case is generated
by a bi-harmonic spline interpolation of the 2D
time arrival data corresponding to the ignition
point and the two observed fire perimeters shown
in Fig. 2. The fire arrival time matrix (Fig. 6) is
used prior to the observed perimeter time in place
of the fire propagation model. Heat and moisture
from the fire is released into the atmosphere
gradually so that atmospheric circulation

Figure 7.
perimeters,

Fire arrival time (s) derived from

IR

representing the history of the fire
propagation (first 100s since the ignition start).

consistent with fire's growth is continuously established. The coupled model simulation then
continues from the perimeter time. The method used in this study is a simplification the method
originally developed by Kondratenko et. al (2011) and Mandel et. al (2012, 2016), where the

Figure 6. As in Fig.3 but for the gradual ignition from the synthetic fire

history.

time reversal is not computed
using a marching method
driven by the rate of spread
computed from a wind field,
but by an interpolation of the
observed fire arrival time data.
The time series of the vertical
velocities simulated using the
gradual fire ignition, shown in
Fig. 7, suggest that at restart
time the fire plume was fully
evolved. The maximum updraft
velocities of 7m/s, 4.9 m/s and
4.6m/s at 20m, 10m and 6m,
respectively, match the
observations and benchmark

simulation better than model results using ignition strategies presented earlier. Fig. 7 shows
updraft velocities increasing in height and a time shift of about 5s between peaks indicating the
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observed downwind plume tilt. There were no stability issues in this run, as the fire is not ignited
instantaneously. The replay from the fire history assures that fuel is depleted within the fire
perimeter, avoiding the formation of an artificial secondary fire front. By igniting the fire
gradually from the fire history, the atmosphere equilibrates with the fire during the fire replay
procedure, which results in significantly improved fire plume representation at the WRF-Sfire
restart time as compared to other methods tested in this study.

As a next step, but not shown here, this method will be tested on a wildland fire, where
actual airborne fire perimeters will be utilized cyclically to reduce the fire spread prediction
error, maintaining realistic representation of the fire plume.
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NASA grant NNX13AH59G.
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INTRODUCTION

Wildfire smoke contains hazardous levels of air pollution, posing a serious threat to respiratory
and cardiovascular health (Dennekamp et al. 2011; Rappold et al. 2011; Johnston et al. 2012;
Morgan et al.; Dennekamp et al. 2015 Haikerwal et al. 2015; Haikerwal et al. 2015). Recent
trends in U.S. fire activity point to an increase in numbers and severity of large wildfires. Smoke
plumes from these fires are transported long distances, necessitating an improved understanding
of smoke plume impacts on regional-scale air quality and their impacts on public health. Since
the 1970’s, the frequency of large fires (1000+ acres) has doubled and the frequency of very
large fires (10,000+ acres) has increased fivefold (Climate Central, 2012). These trends are
expected to continue due to effects of prolonged periods of drought, increasing spring and
summer temperatures, earlier snowmelt, population growth and land-use practices (Littell et al.
2009). Such projections are cause for concern to both local and regional air quality.

In this manuscript, we explore the extent to which wildfires affect regional air quality by
estimating the change in air pollutant concentrations at the regional air quality monitoring
stations and in Air Quality Index (AQI) values on smoke-impacted days relative to clear days.
We determine geographical regions impacted by smoke plumes with the National Oceanic and
Atmospheric Administration (NOAA) Hazard Mapping System (HMS) and we characterize
regional air pollution with daily concentrations of ozone, fine particulate matter (PMzs) and
species of PM2 s measured at monitoring sites across the continental U.S. for an eight-year
period, 2006 to 2013. We estimate relative change in air pollution with a two-stage approach that
ensures a statistically rigorous characterization of smoke impacts by taking into account both the
spatial nature of the data and the spatial correlations induced by large plumes covering multiple
sites. The results of this analysis include site-by-site and overall estimates of relative change in
concentrations of ozone, PM2 s and PM> 5 constituents, as well as a characterization of the smoke
impacts on the number of unhealthy air quality days at each monitoring site in the study.

DATA
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We obtained shape files of smoke plumes that define the geographic extent of smoke from the
NOAA Hazard Mapping System (HMS). Shape files of daily smoke plumes were downloaded
from ftp://satepsanone.nesdis.noaa.gov/volcano/FIRE/HMS smoke/ (Figure 1). We obtain
ozone, total PM» s and PM; 5 constituent measurements for 2006 to 2013 from the U.S.
Environmental Protection Agency’s (EPA) Air Quality System database. We use daily average
8-hour ozone measurements, daily average concentrations of PM» s measured by Federal
Reference Method (FRM) and daily average of PM> s species from the Interagency Monitoring
of PROtected Visual Environments (IMPROVE) network. The species of PM; 5 included sulfate,
nitrate, potassium, mercury, elemental carbon (EC) and organic carbon (OC). Ozone
concentrations were measured daily, while total PM> s and speciated PM: 5 readings are typically
collected every third or sixth day. We used daily temperature recorded at the nearest NOAA
station within 50 km of the ozone and FRM monitoring sites. For IMPROVE sites, we used
mean daily temperature recorded at the monitoring sites. We denote ‘plume days’ as days on
which visible smoke plumes are detected in the vertical column above a monitoring site.

Figure 1: Geographic distribution of environmental monitoring sites for ozone, PM2.5 and species of PM2.5 and
HMS smoke plumes on a single day in June 2008.

We quantify the impact of smoke plume days on unhealthy air quality using Air Quality Index
(AQI) for ozone and PMz s daily values. AQI is a public health tool published daily by the EPA
to inform the public of the health effects associated with air pollution in a given area. For each
pollutant, AQI classifies air quality into one of six health risk categories (“Good”, “Moderate”,
“Unhealthy for Sensitive Groups”, “Unhealthy”, “Very Unhealthy” and “Hazardous *) coded by
six distinct colors (Green, Yellow, Orange, Red, Purple and Maroon). For ozone, AQI values
consistent with the 2008 ozone standard were downloaded with the data. AQI values for daily
PM; s were calculated from the data (http://www.epa.gov/airnow/aqi-technical-assistance-
document-dec2013.pdf). We did not identify any Hazardous “Maroon” days. We summarize the
number of days in each of the AQI categories attributable to plume days by calculating the
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percent of days in plume for each AQI category and the odds of each color code observed on a
plume day versus a non-plume day.

METHODS

We examine the impact of smoke on air pollution with a two-stage analysis for each pollutant
separately. In the first stage, we estimate the plume effect on pollutant concentrations at each
monitoring site separately; in the second stage we pool these results to estimate an overall plume
effect (Dominici et al. 2006). The first-stage model for the (log-transformed) air pollutant
concentrations at a monitoring site S on day t, Ys¢ , is:

lt:rg[:I{M) =a,+h(t) +g.(T.)+ B.plume_, + €,,. (1)

Confounding effects of daily temperature (T,) are accounted for with the smooth function, g,
using natural splines with two degrees of freedom. We compared several choices and found that
two degrees of freedom minimized BIC (Swartz 1978). Seasonal trends are modeled with the
smooth function, h, using natural splines with four degrees of freedom per year, or 32 degrees of
freedom total. Controlling for seasonality ensures that the effect of plume is not confounded with
the effect of warm summer days typically associated with high ozone values. The variable
plumesy is an indicator of HMS-detected smoke plume presence in the vertical column of monitor
s on day t. The plume coefficient or plume effect, 5., describes log-percent change in pollutant
concentration on days with plumes relative to days without plumes, adjusted for seasonality and
meteorological conditions. A positive estimate of 5, is evidence for increased pollutant
concentrations during plume episodes as compared to clear days. A negative estimate indicates
the converse. We assume the errors, €, ., are normally distributed with zero mean and constant

variance. The first stage analysis is conducted separately by site using the Im function in R,
giving us site-specific plume effect estimates [, and standard errors v, .

In stage two, we combine the first-stage estimates of the plume effect to estimate the overall
effect . The second stage model is B, = f, + v.e_, where B, is the true plume effect at site S
and e, is univariate Gaussian error. The true plume effect at location s is decomposed as

B, =u+ =, where g is the overall mean plume effect and =, captures the variation in the true
effect. We consider two models (spatial and non-spatial) for each of the two error terms leading
to four formulations of this model in total. In the non-spatial models, £. and £, are independent
over locations indexed by S, whereas in the spatial models, correlation between errors at two
locations, for example e, and e,, decays exponentially with the distance between sites S and r.
Parameters of the decay function are estimated from the data. We estimate stage-two plume
effects and the overall plume effect using the model that produces the lowest BIC value among
all four formulations. Because we use log-response, the ‘plume effect’ and ‘overall plume effect’
estimates are calculated, respectively, as follows: ((exp(8_) — 1) x 100%) is the measure of

relative change in pollutant concentration over the estimated daily concentration value without
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plume at a site s; ((exp() — 1) % 100%) is the overall measure of relative change.

RESULTS

The plume effects on ozone and PM> 5 exhibited a strong spatial pattern. Among the four stage-
two models, we found the one with a full spatial structure best fit both ozone and PM> 5
pollutants, indicating spatial correlation among site-specific error terms as well as spatial
variation in the true unobserved plume effect. In Figure 2, we present estimates from the model
of best fit for ozone and PMas. The plume effect on ozone was the largest in the Southeast, and
in few scattered locations in the Northeast and around St Louis, MO (12.3-24.7% increase,
Figure 2, left panel). The lowest plume effects on ozone were found in the Rocky Mountain area
and Southern California. For PM2 s concentrations at FRM monitoring locations, smoke plumes
had the highest impact in the Southeast, Midwest and Pacific Northwest regions (34.7-78.4%
increase, Figure 2, right panel). The lowest plume effects on PM s were found in the Great
Lakes Region and Southern California. Nationally, the average impact of wildfire plumes on
ozone and PM; s was estimated at 8.4% (SE 0.2%) and 29.3% (SE 0.4%), respectively. We also
examined the frequencies of each AQI code on both clear and plume days (Table 1). Overall,
plume days accounted for a larger percentage of unhealthy days than healthy days.

Figure 2: Geographic distribution of the estimated change in pollutant concentration on plume days relative to
clear days for ozone (left) and PMzs (right) by quartiles.

Concentrations of PM> 5 components measured at IMPROVE sites also increased during plume
events. Total PM, s, Potassium, Sulfate and Nitrates were best fit by the model with spatial 2_
and a non-spatial distribution of the true plume effect, indicating a stronger influence of ‘plume
properties’ than the geography of the site. EC was best fit by the model of spatial heterogeneity,
possibly indicating the effect of regional variation in type of vegetation. OC favored both

spatial B and spatial plume effect indicating that the associated regional and measurement errors
are both spatially correlated. Mercury was best fit by the non-spatial model that assumed
independence between all sites. Overall, spatially averaged concentrations of PM» s species were
significantly elevated in plume events. The estimated percent change (SD) of the national
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average plume effect for each pollutant are: EC, 21.3 (1.0); OC, 30.6 (3.8); Nitrate, 10.5 (1.6);
Sulfate, 13.8 (1.6); Potassium, 29.8 (1.3); and Mercury, 17.4 (7.4).

AOQI Color Code Green Yellow  Orange Red Purple
Code distribution - clear days 89.5% 9.15% 1.26% 0.082% 0.0057%
Ozone | Code distribution - plume days 70.3% 24.0% 5.27% 0.425% 0.0277%
% Plume Dayvs bv code 6.1% 18.0% 25.8% 30.1% 28.8%
Odds Ratio 0.278 3.13 4.34 5.20 4.82
Code distribution - clear davs 70.6% 28.8% 0.58% 0.083% 0.0004%
PM; s | Code distribution - plume days 46.4% 51.7% 1.65% 0.25% 0.0061%
% Plume Davs by AOI code 4.2% 10.6% 15.8% 16.5% 50.0%
Odds Ratio 0.360 2.65 2.88 3.02 15.0

Table 1: Percent of AQl days on clear and on plume-affected days and the percent of days in each of the AQl
categories attributable to plume days by calculating the percent of days in plume for each category and the odds
of each code observed on a plume versus a non-plume day.

DISCUSSION

We demonstrated measurable changes in pollution levels at the environmental monitoring sites
on the days with visible plumes for years 2006 through 2013. We implemented a two-stage
statistical model to combine plume effects across stations and to account for spatial
heterogeneity of plume effects at monitoring sites. Ozone concentrations on days with visible
plumes were on average 8.4% higher than on the clear days, while PM2 5 concentrations were on
average higher by 29.3%. All species of PM2 s analyzed here were elevated as well (highest: OC,
30.6%; lowest: nitrate, 10.5%). We note important geographical patterns in both frequency of
plumes above monitors and magnitude of plume effect and discuss at length the limitations of the
data and methods.

During the examined period, frequency and impacts of smoke plumes on air quality were not
limited to the regions where most large fires take place. Within the continental U.S., the highest
frequency of plume coverage was observed in the Northwest coastal and mountainous regions
(Washington, Oregon, Idaho, Montana) but also in the central parts of the country where large
fires are less common, accounting for regional transport as well as smoke from local, smaller
fires. Additionally, some of the highest relative increases in pollution were observed in the
regions where large fires are less frequent and these impacts were not the same for the two
pollutants. For example, in the Southeast we observed the largest changes in PM2 s and ozone
levels, while in the mountainous west, we observed large changes only for PM2 s and in the
northeast and the Midwest, we observed large changes for ozone only.
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The evidence of smoke plume impacts on air quality was reflected on the number of unhealthy
air quality days as well. More specifically, while only 6.3% of PM2. s monitor-days and 7.7%
ozone monitor-days experienced plume coverage, plume days accounted for 16% of days
categorized as unhealthy (code Orange, Red and Purple combined) for PM2 s and 27% of
unhealthy days for ozone. In other words, the odds of unhealthy days for ozone and PM2 s were
3.3 and 2.5 times higher on plume days than on non-plume days, respectively.

In summary, our research has shown that smoke plumes bring consistent and non-marginal
increases in ozone, PM 5 and components of PM: 5, and account for a disproportionate number
of unhealthy air quality days. We observed that PM; 5 and ozone impacts are not uniform across
all geographic locations, and that the additional ozone production by plume is visible over
densely populated regions. As the frequency of large fires increase and emissions from all other
sources decrease, large fires are expected to take a larger role in regional air quality and pose an
increasing concern to public health.
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Introduction

EcoSmartFire is a Windows program that models heat damage and piloted ignition of structures
from radiant exposure to discrete tree fires. It calculates the radiant heat transfer from cylindrical
shaped fires to the walls and roof of the structure while accounting for radiation shadowing,
attenuation, and ground reflections. This approach is in contrast to the mainly anecdotal
knowledge in various publications regarding fire protection in the Wildland Urban Interface
(WUI), including the NFPA 1144, ICC WUI code, and the well regarded ANR Publication 8228:
Home Landscaping for Fire (Nader, et. al., 2007). For example, Nader recommends a home
defense zone, a clearance of flammable vegetation (with some exceptions) up to 30 feet from the
house. In contrast, a physics-based fire risk model can allow variation on this 30 feet clearance
making the landscaping adaptable to any home lot configuration. Further, Nader describes a fuel-
thinning zone 30 feet (10m) to 100 feet (33m) from a house in which fuel modification limits any
development of surface spread or ladder fires. However, there are alternatives to the fuel thinning
such as noncombustible fencing, extending the home defense zone, removing only the forest
floor litter, or using resistive structure cladding, such as a stucco wall. Within the home defense
zone, the ornamental vegetation was described as being fire resistant and maintaining a spacing
of 10 (3m) feet between combustible objects. This cautious approach would seem to be overly
conservative if the goal of fire risk modeling is to prevent structure ignition in a worst-case
scenario of simultaneously igniting the ornamental vegetation with a strong ember shower.

EcoSmartFire is still a work in progress but the physics-based model has been calibrated by
comparison with selected fire tests in a previous work (Dietenberger and Boardman, 2016).
Further validation and additional material properties should be added in future work. Here, the
PC version is exercised to determine fire and damage risk predictions exploring the sensitivity to
relevant parameters and geometric configurations. Some of these parameters were limited due to
the user interface of the on-line web version (part of EcoSmart Landscapes) which shares the
core fire calculation engine. The PC version runs from text files and allows full exploration of
the fire program features. The parameters varied in this work are tree positioning and trimming,
fire resistant exterior claddings, radiation blocking with fences and outbuildings, ground
covering reflection coefficient, and flame attenuation by blocking burning trees. These program
features are demonstrated using a single structural wall.

On-line ecoSmart Landscape with Fire Model for Worst Case example

The on-line fire model considers the following worst-case wildfire scenario. A large
concentration of small embers serve as a pilot for tree crown fires, but not for significant direct
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heating of structure material. These embers cause simultaneous ignition of the stressed
ornamental vegetation within the home defense and fuel thinning zones, which then radiate to the
structure. Since weather conditions are not within control of the homeowner, the worst weather is
assumed: dry conditions for the vegetation (moisture content at 20%), wind speed of 5.7 m/s, and
ambient temperature at 25 degrees Celsius. An average ground condition of grass in the yard and
dry litter surrounding the trees results in the surface reflection around 0.3. The model for
calculating the tree heat release rate is primarily for pine trees, due to the available data.
Extension to other tree types will need verification in laboratory tests of the species burn. For the
on-line application the home is limited to 4 walls (with selection of wood or vinyl siding) and 1
flat-roof (with selection of cedar shakes or Class A asphalt shingle) for exposure of up to 9 trees
burning, located anywhere and of any size on the lot.

As our test location, we choose a home in Hidden Valley Lake California. The Hidden Valley
Structure Protection report describes improved fire protection using a hand crew during a
wildland urban interface fire in this location
http://www.wildfirelessons.net/orphans/viewincident?DocumentKey=215deacl-199c-4031-
9dle-11d9¢ce96939¢, and provides a google map image in their Figure 7. The ecoSmart
Landscape software can obtain the same map image, but we focus on a single home lot shown in
Figure 1.

Figure 1. Output from ecoSmart Landscape for fire modeling of a Hidden Valley site.
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The homeowners in the aftermath of this WUI fire may be wondering how to protect their homes
better, particularly if access to active fire protection becomes limited the next time around. If
they rely on anecdotal knowledge, which is available on various websites, the inclination would
be the lowest cost approach, which is to first harden the homes against the embers, and secondly,
to do vegetation clearance to 30 feet (10 m) and thinning in the zone beyond. This in effect
would be a barren landscape if all homeowners execute this vegetation management approach. In
our particular example of Figure 1, with two modeled trees placed on the lot, results indicate that
the house adjacent to the burning trees would experience minimal damage to a supposed
redwood siding, although not to the level of piloted ignition. Note that the criteria for both
damage and ignition uses the more accurate critical temperatures rather than on the overly
conservative critical heat fluxes (Dietenberger and Boardman, 2016). From this limited analysis,
one might extrapolate that the ornamental vegetation can pretty much be kept intact for this and
other lots, as long as the home has been upgraded where necessary to protect only against ember
showers.

Physical Modeling Features of PC-based ecoSmart Fire Model

However, to consider the thinning beyond the 30 feet will require the use of the PC-based fire
model that can calculate for the many trees in the zone, and provide alternate fuel loading or
protection strategies that are lower cost than the continuous thinning otherwise required. In
addition, the PC-based fire model has more options for structure protection (i.e. stucco siding)
and ability to consider fencing or outbuilding or ground cover management, as the alternative to
the thinning in the zone beyond 30 feet (10 m). The PC-based fire model allows other weather
related cases, to allow other worst-case scenarios, although certain limitations still exist, such as
not being able to model tilted fires in the strong winds or to model the tree-to-tree fire spread
progression. These modeling enhancements would be a subject for future development of the fire
model. Within the constraint of this presentation, only a single wall structure needs analyzing, in
order for the reader to realize that this is a physics-based fire model, which is designed to
evaluate design options enhancing passive WUI fire protection.

Trees Positioning and Trimmings

To be able to choose any number, position, and size of trees the fire model was developed to
divide the exposed wall into numerous surface elements and then to combine the many radiant
heat sources for predicting the surface temperature rise of each surface element. To achieve
model efficiency and good accuracy, vector analysis algorithms were developed wherever
possible. For this presentation, we choose an example where a homeowner values privacy of
closely spaced trees, to the point that the 10 feet spacing between combustible items are
eliminated. Further, the line of trees is 20 feet from the combustible wall and tree heights are
assumed controlled via species selection or trimming. Note that no requirements at all are made
to select fire resistant species (as the model already selects conservatively the more flammable
species based on available data).

Fire Resistant Cladding on Structures

Alternatively, suppose the homeowner in the previous example again values privacy, but needs
the vegetation to be within 5 or 10 feet of the wall. In that case, it may be likely that a stucco
wall is appropriate for 5 feet, whereas any combustible siding might be used at the spacing of 10
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feet, providing the height of trees or bushes are more controlled, probably by continuous
trimming.

Radiation Blocking with Fences and Outbuildings

Further, the homeowner may have no control of combustibles beyond the lot, or that beyond the
home defense zone, and greatly desires the undisturbed woodland scenery. However, fencing to
block thermal radiation from an intense wildfire (assuming the structure is protected against the
ember showers) should be viable. To maintain a view with a possible tall fencing, the
homeowner might invest in ceramic panes for a see-through barrier to fire. The height of the
fence is precisely calculated due to the high resolution of surface elements on the structure wall
and of the burning multiple trees. The efficiency of radiation blocking calculations is achieved
through intricate vector analysis algorithms. The example of fence radiation blocking at different
heights will be presented.

Ground Covering Reflection Coelfficients

If the homeowner prefers not to have fences and yet highly values the undisturbed woodland
scenery, then ground cover modification and minimal trimming (i.e. just the lower branches)
could be sufficient, particularly in relation to a fire resistant home. Any forest floor litter will
need to be removed as the leaves have a reflection coefficient of 0.45 in comparison to a typical
soil reflection of 0.2. Removal of the lowest branches should not impend the scenery, but could
reduce thermal radiation from a crown fire, by both controlling spatial and temporal extent of
potential crown fires. The ecoSmart fire model does calculate the crown fire size and duration,
for the more accurate surface temperature rise on the structure surface. The example of varying
ground cover will be presented.

Flame Attenuation by Burning Trees

Finally, one can imagine a row of trees specifically selected for their ability to attenuate the
flame radiation from the next row of burning trees further back. To complete the attenuation
might only require a few rows of trees. The consequences of this situation might be reduction of
the fuel thinning zone from the conservative 100 feet to perhaps 50 feet, which would be much
more controllable by homeowner, and also be lower cost for thinning. A physics-based fire
model provides the opportunity for a fire performance-based analysis, and avoids relying on
anecdotal conservative estimation of the fire risk. The example of varying tree packing on the
flame attenuation of burning trees will be presented.

Summary

A physics-based fire model is recommended to supplement the generic fire protection
recommendations for homeowners in the Wildland Urban Interface. Some of the features of
EcoSmartFire have been demonstrated, showing the potential new flexibility afforded
homeowners able to calculate the effects of tree placement and wall construction on fire risk.
Further enhancements and validation to the model would be helpful to make it more useful for
the general public.
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Introduction

History of Large Mountain Fires in Alberta

Alberta has two primary fire regime zones, the Boreal - Foothills and the Rocky Mountain
Montane Cordilleran area. During the period from 1961 to 2002, 92% of fires occurred in the
combined Boreal — Foothills natural region of Alberta while only 6% of fires occurred in the
Montane — Cordillera natural region. The remaining 2% of fires occured in Alberta’s Prairie -
Parkland and Canadian Shield natural regions (Tymstra et al. 2005). The Montane-Cordillera
natural region featured in this discussion displays considerable variation in fire regime
components, due primarily to topographical influences. Mountain ranges both break up fuel
continuity and define moisture and wind regimes by virtue of their orientation, while elevation
retards the onset of fire season. Further to this, subalpine areas in Alberta are regarded as

lightning shadow areas with
significantly fewer strikes
(Rogeau 2009 2010). These
fire regime inputs combine to
create both a significantly
different fire environment
than the boreal forest
landscape of Alberta,
especially in the Subalpine
natural sub region common
here. As discussed by Baker
and others, the subalpine
natural sub region does
demonstrate a long return
interval — high intensity fire
regime (Baker 2009). The
subject fire of this paper
occurred in such a sub-alpine
environment. Other sub-alpine

Figure 1 Alberta Canada Natural Regions and 1931-2012 aggregate fire
perimeter map
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fires in recent years generally follow this trend as well, although the Rockslide Creek fire ignited
and burned relatively early in the year. A histogram plot of fires by year seems to show a
noticeable trend emerging in the Montane-Cordilleran natural region of Alberta. While the focus
of this paper is not on fire occurrence trends, one cannot help but notice a surge in fire numbers
in the Montane Cordilleran area of Alberta in the last 10-15 years. Certainly there have been dry
years in past with corresponding spikes in fire numbers, but the number and spacing of fire
occurrence years seens to be noticeably increasing. Several fires from the Author’s experience
are brought forward to show the seasonality change from the Rockslide Creek fire. In the
author’s experience, Montane-
Fires by year Cordilleranlﬁre; alllre usually
. . summer to late fall events,
Alberta Montane-Cordilleran Region often the result of wind events
12 like Foehn winds (locally
known as Chinooks). That late
season occurrence window
even extends into winter in
some noteworthy Alberta fires,
occurring as late as December
and January, following very
dry autumns with very little
snowfall and, invariably, driven

10
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Year events common to the area.

The Rockslide Creek fire,
occurring in early June, was
Figure 2. Fire numbers by year in the Alberta Montane-Cordilleran region anomalous in both its start
date, the rapid growth it exhibited, and the large size that it attained.

Background:

While multiple large fires burned elsewhere in dry 2015 spring conditions in the boreal forest
across the province of Alberta, a rare lightning strike ignited a fire in the Wilmore Wilderness, a
remote mountain park in west-central Alberta. Given the infrequency of large fires in this
region and the mild, only recently thawed conditions, fire managers did not expect the fire to
erupt and take a 7.5 mile (12 kilometer) run in under four hours. In three days, the fire burned
over 30,000 acres (12,000 hectares) of decadent, upper foothills and subalpine forest and
challenged traditional suppression tactics with intense fire behaviour and steep, inaccessible
terrain. Even though Alberta’s fire suppression agency followed traditional detection and
response rules, fire managers of all experience levels and different jurisdictions were surprised at
the spread and intensity of this fire at high elevation outside of the ‘traditional’ fire danger
season for this area. This paper explores some of the decision traps and human dimensions of
managing fire in an infrequent fire regime while providing some solutions to alleviate the
potential for a future ‘surprises’.
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Chronology of Events on the Rockslide Creek Fire

Fire danger ratings were into the Very High and Extreme categories for much of the province of
Alberta following a month of above average temperatures and below average rainfalls related to
El Nifio. Fire lookout personnel detected the Rockslide Creek Fire in Alberta’s Wilmore
Wilderness Park on 8" June 2015 a few days following the passage of convective thunderstorms.

Figure 3. LEFT: Map showing location of the Rockslide Creek fire in relation to the rest of Alberta (indicated by
the star). Colors indicate fire danger categories. Circles show locations of other large fires (> 2,000 acres or
1,000 hectares). RIGHT: Image of the Rockslide Creek Fire in the Smoky River drainage of Willmore Wilderness
Park (Photo credit: K. Luhtasaari).

The fire started in decadent black spruce (Picea mariana) and lodgepole pine (Pinus contorta
subsp. latifolia) forest that had only recently become snow-free. Some of the tree buds showed
indication of flush, suggesting the onset of the ‘spring-dip’ (Jolly ef al 2015) and sub-surface
fuels were still frozen. The fire was at high elevation (5,000 feet or 1600 meters), mid slope in a
wide north-south aligned river valley with remote and difficult access both by air and by foot.
The fire area had been under a suspected ‘dry slot’ (Schoeffler 2013) synoptic pattern that
brought dry subsiding air and gusty winds. Ignitions in Wilmore Wilderness Park are rare with
an average of seven lightning strikes per year across its entire area. The fire return interval is
long for most of the park area (>250 years) with the last large fire in the area likely to have been
around 1936 (Rogeau 2015).

A helitack crew was dispatched to the fire at 1626 hrs and assessed it at 1700 hrs as a crown fire
moving at 45 Chains/hr (15 meters/minute) driven by a westerly wind at 12 mph or (20 km/h) in
mild conditions 64°F (18°C), and a relative humidity of 33%. The fire was approximately 24
acres (10 hectares) in size at time of assessment. Nearby values at risk included a few remote
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park cabins and preferred habitat of the endangered mountain caribou (Rangifer tarandus). The
nearest community was Grande Cache located nearly 30 miles (50 kilometers) to the north.

Given the mild weather, time of year and only recently snow-free conditions, the fire was
expected to run to the top of the ridgeline before it would diminish with the diurnal drop in winds
and temperature. Instead, the fire organized itself into a run spanning the breadth of the Smoky
River valley (about three miles/ five kilometers) wide and filled in another 2050 acres (830
hectares) before the night was through.

The following day the fire sat with minimal spread and only a few small uphill runs. Conditions
continued to be dry and warm and aerial ignition operations burnt out fuel between a nearby
creek and the active fire perimeter to curb any additional spread to the south. On 10 June,
crossover conditions and moderate southerly winds drove the fire another four miles (six
kilometers) further north. So far, the observed fire behavior matched fire manager’s expectations
and experience given the fire danger and weather conditions.

On June 11", wind speed increased to over 40 mph (60 km/h) in the Smoky Valley- an event that
falls in the 100™ percentile of over 20 years of weather data collected in the area. This pushed
the fire another six miles to the north (10 kilometers) and added on another 14,000 acres (5500
hectares) all within three hours. Field reports of observed wind speeds surprised local fire
managers and fire behaviour analysts who then tried to adjust tactics and spread projections to fit
the anticipated change in fire behaviour.

Discussion

A rare, early season mountain fire in the Albertan Rocky Mountain provides an opportunity to
explore a number of lessons learned. Analyses of fire behavior and After Action Reviews are
common approaches to fire review but they often fail to tease out the human dimensions of
decision-making.

Lessons Learned

Decision traps

When experienced fire managers flew over the Rockslide Creek Fire they were a bit amazed at
the fire’s intensity and rapid spread because ‘it just does not happen up there at this time of year.’
Our personal experience drives the way we react to events- we experience a feeling of security
based on our comfort with our actions during similar past event, often while unaware of some
potential danger. Predetermined ideas like: ‘it’s spring time’, ‘the snow has only just recently
melted’, ‘we usually get rain in June’, ‘it’s too cold in the mountains for fire’ or ‘we don’t get
fire in Wilmore (wilderness area) in June’ can distract us from noticing key fire weather triggers
or fuel conditions that are outside of normal. This overconfidence in our judgment leads to
failure to collect key factual information because we are so sure of our assumptions and
opinions. Most decision makers commit some kind of error along the way and authors (Russo
and Schoemaker 1989) describe these as ‘decision-traps’.
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In order to make good
decisions, we must revisit
these errors to identify the
pitfalls in our personal
decision-making process. We
depend on rules of thumb in a
place like Wilmore because
we do not have our own boots
on the ground out there- we
are fully dependent on
experience and remote
weather monitoring stations.
These ‘anchors’ implicitly
drive our expectations, so we
must become explicitly aware
of them. What factors are
influencing your decisions?
To avoid the decision trap, we
should be asking for feedback to calibrate our embedded thoughts (How much overwinter
precipitation was there? How are conditions now? How does the current weather compare to the
historic weather? We must also always strive know what we do not know and seek to find ways
to compensate for the uncertainty. We have to be aware of the “Tyranny of the Urgent'”
situations that divert our focus. Situational awareness is another discipline that is designed to
overcome this tunnel vision.

Figure 4. Probability/Severity matrix

Conclusions

The 2015 Rockslide Creek fire occurred in a quiet, out of the way corner of Alberta, during a
period when mountain fires were normally at a minimum, and the standing boreal forest fire load
was very high. Due to those circumstances, the fire was largely un-anticipated, and while the
Alberta fire response/suppression framework was robust enough to deal with the fire in a prompt
fashion, the fire did surprise people whose jobs it was not to be surprised. For high-reliability
organizations, these outlier events do not offer any rebate in their consequences. The agency has
to forego the luxury-of-trends to highlight where attention is required, and deliberately focus on
all corners of the landscape in a deliberate, systematic fashion, similar to the commercial pilot
keeping an eye on dozens, if not hundreds of gauges and indicators monitoring the overall health
of his or her aircraft. Likewise, the fire management agency needs to establish systems that over-
ride human shortcomings and monitor conditions and elicit a response when (infrequent)
conditions are met. The cumulative set of smoke detectors in all homes in a town that together
provide fire warning to the fire department is a suitable analogy.

! Hummel, Charles E., Pamphlet on time management, 1994, InterVarsity Press
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Introduction

The Fire Severity Mapping System (FIRESEV) project is an effort to provide critical information
and tools to fire managers that enhance their ability to assess potential ecological effects of
wildland fire. A major component of FIRESEV is the development of a Severe Fire Potential
Map (SFPM), a geographic dataset covering the contiguous United States (CONUS) that
quantifies the potential for wildland fires to burn with higher severity should they occur (Dillon
et al 2011a). We developed this map using empirical observations and statistical models to relate
biophysical conditions at the time and location of a fire to the resulting severity. For our
purposes, burn severity refers to the degree to which aboveground biomass has been altered as
expressed in the change between pre- and post-fire satellite imagery (Lentile et al 2006). Our aim
in creating the SFPM is to explore the relationships between site characteristics and burn severity
(Dillon et al 2011b) and to provide land managers with a tool that can forecast the potential
severity of future fires.

*Corresponding author. 5775 Highway 10 West, Missoula, MT, 59808. Phone: 406-329-7379. Fax: 406-329-4877.
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Methodology

Building on the work of Holden et al 2009, we developed a set of statistical models, each relating
a suite of independent geospatial variables to 30 years of burn severity data developed by the
Monitoring Trends in Burn Severity (MTBS) project. MTBS is an ongoing project to map the
severity of all large fires that have occurred since 1984 (Eidenshink et al 2007). We partitioned
continuous measures of burn severity into a binary dataset of ‘higher severity’ vs. ‘lower
severity’. We produced models to determine the relationship between the two severity classes
and site characteristics such as pre-fire vegetation, temporally-specific 1000-hour fuel moistures
and a suite of topographic variables. We developed these models separately for forest and
woodland vs. non-forest settings in each of 25 distinct ecological regions. The resultant statistical
models are used to estimate, based on current measures of our predictor variables, the probability
that fire at a particular point on the landscape will result in higher burn severity, should that
location burn. These results were used to create a digital map depicting severe fire potential for
every 30-meter pixel across CONUS.

Study Area(s)
Our study area consisted of the entirety of CONUS but we completed the project in two phases,
the west in 2012 and the east in 2016. Because fire behaves differently under disparate
biophysical and climatic conditions it was necessary to divide
our study area up into smaller subsets based on modified US
EPA ecoregions (Omernik 1987) with some consolidation (Fig.
1). In addition, burn severity measurement and interpretation are
different in forest and woodland vs. non-forest settings.
Therefore, we further divided each mapping region into these
two broad vegetation cover types. We used the mapping regions
and cover types to stratify statistical modeling. This resulted in
50 predictive models (25 regions x 2 cover types).

Figure 1: Mapping regions

Data acquisition
We obtained burn severity data for over 12,000 fires that occurred between 1984 and 2013 from
MTRBS (http://www.mtbs.gov/index.html). We divided the
continuous measures of burn severity from MTBS into ‘severe’
vs. ‘not severe’ categories. Due to differences in the quantity and
distribution of burn severity data, modeling methodologies
differed slightly between the east and the west. One of these
differences is the definition of a ‘severe’ fire. For the west, where
high-severity fire is more commonplace, we divided the burned
pixels into ‘high’ vs. ‘low to moderate’ severity categories. In the
Figure 2: MTBS fires east, we divided burned pixels into ‘moderate to high’ vs. ‘low’
severity. Our methodologies for creating categorical definitions
of low, moderate and high severity are comparable, but not identical, to those used by MTBS.

For our site characteristic data, we acquired 30-meter Digital Elevation Models (DEMs) from the
National Elevation Dataset (NED; http://ned.usgs.gov/) and used them to create a suite of
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topographic indices. We also used the DEMs to model solar radiation, which reflects the
influence of topography on vegetation. To represent pre-fire vegetation conditions in the west,
we used the Normalized Difference Vegetation Index (NDVI), which we derived from pre-fire
Landsat imagery acquired from MTBS. In the east, we obtained moderate-resolution imaging
spectroradiometer (MODIS) NDVI data from the United States Geological Service (USGS;
https://Ipdaac.usgs.gov/). As a measure of seasonal drought, we used 1000-hour fuel moistures at
the time of each fire in our dataset. Fuel moisture data were derived using 4km resolution
downscaled North American Regional Reanalysis (NARR) data (Abatzoglou 2013). A total of 17
variables were developed as predictive inputs.

Modeling

Once we had acquired and processed the input data, we generated a spatially-balanced, random
sample representing 1% of all burned pixels. We used the ~ two million sample point locations
to extract values for all of our predictor variables.

We used the Random Forest machine-learning algorithm (Breiman 2001) to develop our
statistical models. Random Forest is an extension of classification and regression tree modeling
techniques. It divides inputs into training and testing datasets and uses the training data to create
models and the testing data to validate the accuracy of its models. Random Forest also has the
ability to rank how important each input variable is in terms of its predictive power. We used
Random Forest modeling with 1500 classification trees and selected the optimal model with the
lowest classification error. This resulted in 50 separate Random Forest models, one each for
forest and woodland and non-forest cover types in each of our 25 mapping regions.

Results

Our Random Forest modeling results showed a strong relationship between site characteristics
and the resultant burn severity. In forest and woodland cover types cross-validated classification

Figure 3: Classification accuracies — Forest & Woodlands Figure 4: Classification accuracies - Non-Forest

accuracies ranged from 65 to 87% with a median of 73% (Fig. 3). In the non-forested areas,
classification accuracies ranged from 69 to 85% with a median of 76% (Fig. 4). The number of
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predictor variables selected in the optimal Random Forest models ranged from four to ten in the
forest and woodlands models and four to nine in the non-forest models with medians of six and
seven respectively. In terms of variable importance rankings, elevation, 1000-hr fuel moisture
and NDVI were generally in the top four predictor variables, often with some combination of
solar radiation, slope and broad-scale topographic position.

Mapping

Using the Random Forest models created in the modeling process, we predicted potential burn
severity using contemporary landscapes with spatially-comprehensive and temporally-

Figure 5: Western burn severity potential

Discussion

When coupled with information regarding current
landscape conditions, the Severe Fire Potential Map
can assist managers in identifying areas where fire
may help restore fire-adapted ecosystems and where
it might have less favorable impacts. Its potential

uses include:

¢ Planning for future wildfires - pre-existing
product can inform managers as to whether
an ignition may lead to desirable or
undesirable ecological impacts.

representative predictor variables. Topographic
variables are static but vegetation and 1000-hour fuel
moistures are not. We used recent NDVI vegetation
data and constant 1000-hour fuel moisture values at a
variety of common fire weather thresholds (80™, 90™
and 97™ percentiles). Constant fuel moisture values
are necessary because it is not possible to know them
in advance. Each of the 1500 classification trees in
the Random Forest models classify every 30-meter
pixel on the landscape into either the severe or not
severe categories resulting in 1500 predictions of
binary severity. The product of this analysis is a map
showing the percentage of classification trees that
predicted severe fire. Figures 5 and 6 show the results
of these predictions at the 90™ percentile 1000-hour
fuel moisture level for the west and the east
respectively. In the west, we are forecasting the
potential for high severity fire and in the east the
potential for moderate to high severity fire.

Figure 6: Eastern burn severity potential
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e Planning prescribed burns — informs potential ecological consequences of prescribed fire.

e Fuel treatment planning — helps managers focus on areas where fire may burn with an
undesirable severity.

e Immediate post-fire rehabilitation — identifying those areas most likely to need mitigation
treatments (e.g. soil stabilization) before traditional post-fire burn severity products (e.g.
BAER and RAVG) are available.

The completed SFPM is currently available online at http://www.frames.gov/firesev for the
western US and at http://www.frames.gov/firesev/east for the eastern US. This map product will
be incorporated into existing decision support frameworks such as the Wildland Fire Decision
Support System (WFDSS) in the near future. A General Technical Report (GTR) describing the
methods, map products and validation metrics is also forthcoming. The development of the
Severe Fire Potential Map has provided an opportunity to enhance our understanding of the
environmental influences on burn severity and has provided a new resource to support fire
management decisions.
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Introduction

Scientists and managers need robust ways to assess how fuel treatments alter fire behavior,
yet few tools currently exist for this purpose. In recent years, the physics-based fire models
FIRETEC (Linn and Cunningham 2005, Pimont et al. 2009, Dupuy et al. 2011) and WFDS
(Mell et al. 2007) have shown promise in this context since they explicitly account for 3D fuel
structure (Pimont ef al. 2011). However, there remains a need for tools which facilitate getting
fuel data into these models as well as for assessments of how fuel changes affect fire behavior,
both immediately and over time. Here, we introduce two spatially-explicit-fuel-modeling
systems designed to interact with these models, called FuelManager (Pimont et al. 2016, Rigolot
et al. 2010) and STANDFIRE. Both systems are modules in, and build upon, the common
architecture of the CAPSIS (Computed Aided Projection of Strategies in Silviculture) platform'
(Dufour-Kowalski et al. 2012), an integrated modeling framework for forestry research, and
enable fuel data from various sources to be used as inputs to physics-based fire models. Both
modules rely on the Fire library, that also enables simulation of fuel treatments and fire effects.

Model Description
The Fire library — for more information see http://capsis.cirad.fr/capsis/help en/firelib

The Fire library is a computer code library which represents wildland fuels as spatially-
explicit 3D objects in a CAPSIS scene (Fig. 1). Different kinds of vegetation are represented in
either as Plants (with specific coordinates and dimensions) or as collections of plants called

’ INRA, UR629, Domaine de Saint Paul, Agroparc F-84914 Avignon Cedex 9, France.
! http://www.inra.fr/capsis
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LayerSets. Both approaches include descriptions of multiple fuel Particle types (leaves, needles
and twigs of various sizes, either live or dead), characterized by their mass to volume ratio,
surface area to volume ratio and moisture content. Each Plant has a position, a diameter at breast
height, crown dimensions and geometry. Each particle type associated with a given Plant has a
mass and a vertical distribution within the crown, typically computed using DBH and H
allometries. A LayerSet is a flexible approach for representing groups of plants when it is
impractical to describe them as individual plants. Within a LayerSet, various fuel components
can be mixed together and assigned different characteristics. A LayerSet occupies a volume of
space within a Scene and is represented as a right prism with a polygonal base face parallel to the
ground.

The Fire library enables the computation of fuel properties, such as loads and cover fractions
in a given strata, or to visualize the scene in 3D. The Fire library also provides a number of ways
to apply fuel treatments, such as thinning, either to the whole scene or to specific areas within a
scene. The primary purpose of this library, however, is to enable the export of a fuel scene as
inputs to FIRETEC or WFDS to simulate fire behavior. Because these fire models capture key
interactions between the fuels, fire and atmosphere, they provide unique capabilities for
assessing how fuel changes affect fire behavior. Additionally, fire model outputs such as local
fire intensities and residence times provide useful data to estimate fire effects to trees, using
empirical models of damage and mortality, such as Van Wagner (1973) and Peterson and Ryan
(1986).
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Figure 1: Features available in the Fire library (used by FuelManager and STANDFIRE).

STANDFIRE — for more information see: http://capsis.cirad.fr/capsis/help en/standfire

In the US, FFE-FVS (Crookston and Nixon 2005) is the primary tool used to assess how fuel
treatments affect fire at stand scales. STANDFIRE extends FFE-FVS’ capabilities by connecting
it to physics-based fire models, while continuing to use FVS to model growth over time. The
core of the module relies on the Fire library described above, but STANDFIRE also includes
additional components to import data from FFE-FVS and to read additional files required to
build the scene, which describe fuel particle characteristics and tree crown geometry (Fig. 2).
STANDFIRE also includes post processors for the WFDS model. In most cases, when users do
not have spatially explicit data, STANDFIRE uses the Stand Visualization System (SVYS) file,
which has tree coordinates, to model trees in 3D. This one-acre square can be extended with
STANDFIRE to cover larger extents by sampling from the tree data in the SVS file. Default
values are available for fuel properties when those values or equations are unknown. To date,
this is the first system to link FVS-FFE and physics-based models.

Figure 2: Architecture of FuelManager and STANDFIRE modules

FuelManager (for more information see: http://capsis.cirad.fr/capsis/help/fireparadox)

FuelManager was developed as a stand-alone module to build input data for physics-based
models (Pimont et al. 2016). The core of the module is again the Fire library, but FuelManager
includes its own models for Plant distributions, based on either detailed inventories (stem map),
observed distributions of stem (by DBH classes) or modeled distributions. FuelManager includes
some growth models for Plants and a succession model for LayerSets to simulate growth over
time.

Example applications
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Building FIRETEC input data for the International Crown Fire Modeling Experiment
(ICFME). The ICFME crown fire experiment is a key dataset for physics-based model
evaluation. Field data (Alexander et al. 2004) were used to parameterize individual Plant models
in FuelManager. Three dimensional fuel scenes were then generated for use as input for
FIRETEC for the full extent of the experiments by sampling from observed tree stem
distributions. Data for four plots were used to compare predictions of fire behavior and radiant
fluxes with experimental values (Pimont et al. 2014) (Fig. 3).

a) b)

Figure 3: Comparison between (a) Photograph of ICFME experiment and (b) modeled aerial view using
FuelManager

Investigating fuel management scenarios (Pimont et al. 2016)

FuelManager and STANDFIRE both benefit from the CAPSIS architecture for modeling
vegetation changes over time and with fuel treatments. This allows comparison of alternative
states resulting from various sequences of events.

Figure 4: Views of FuelManager GUI illustrating Aleppo pine stands following three sequences of events: a)
Event tree b) Initial stand with road passing through forest c) Crown spacing-based thinning to specified distance
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from road d) Visualization of modeled crown scorch from prescribed fire, and e) Comparison of the distribution
of modeled killed trees (in red) to the pre-fire distribution (in blue).

Comparison of crown space thinning fuel treatments with STANDFIRE

Using fuels data measured at the Tenderfoot Experimental Forest in central Montana, we used
STANDFIRE and WFDS to examine the potential changes in fire behavior that might arise with
different thinning treatments. Figures 5a and b shows 3D fuels and fire behavior at the same
point in time for four different simulations with different crown space thinning, and three
associated change metrics for each of those simulations.

Figure 5a. 3D fuels and fire behavior at the same point in time for four Figure 5b. 3 metrics of change for
different simulations with different crown space thinning: (upper left: no  each simulation shown at left: 1)
thinning; upper right, 5’ crown spacing; lower left, 10’ crown spacing; canopy fuel mass loss (%, blue bars),
and lower right, 15’ crown spacing. predicted mortality (%, green bars)

and surface fire rate of spread
(m min™, yellow bars).

Discussion and conclusion

FuelManager and STANDFIRE provide detailed fuel inputs for physics-based fire models,
FIRETEC and WFDS, and can be used to explore how fuel management efforts may affect fire
behavior. They integrate a wide range of fuel modeling capabilities, numerous recent fire-effect
research results and recent technologies for visualization and Scene manipulation to provide a
suite of capabilities relevant to examinations of fuel management scenarios.

FuelManager has shown to be a powerful and flexible tool in the context of fuel modeling,
offering various applications (Pimont et al. 2016). STANDFIRE is in active development but
more documentation is forthcoming. Both modules increase our capabilities to examine
relationships between fuels, fire behavior and fire effects. They also increase the robustness of
fire modeling studies using FIRETEC and/or WFDS, since input data are built in a transparent
and reproducible manner.

At present, only thirteen species (mostly European fire prone species) are represented in
FuelManager, but users can easily incorporate simple Plant models for other species without
additional coding, since pre-defined equations and parameters can be defined in a separate text
file (speciesFile’). Equations for crown dimension and biomass are often available in literature.
Vertical distributions are less often available, but the user can rely on those already available in

? http://capsis.cirad.fr/capsis/help_en/firelib/speciesfile
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the speciesFile. STANDFIRE will ultimately apply to a much larger set of species and
ecosystems, since it builds connections to the US system FFE-FVS, which is widely used to
facilitate fuel modeling throughout the United States.
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Introduction

Shifting winds present hazardous conditions to fire crews as slow-spreading lower intensity
flanking fires can quickly transform into raging high-intensity head fires. Thunderstorms are one
driver of potential wind shifts. During the life cycle of a thunderstorm surface winds shift from
inflows feeding the updraft of developing thunderstorms to outflows as downdrafts develop in
the later stages of the storm’s evolution. Thunderstorm outflows are capable of traveling long
distances across the landscape, resulting in strong wind shifts in areas with minimal signs of
changing weather.

Thunderstorm induced wind shifts have had a role in a number of firefighter fatalities. Haines
(1988) described the role of a thunderstorm on the 1981 Ransom Road Fire in Florida that
resulted in a ninety-degree wind shift and an increase in wind speeds from an average of 7 to 25
miles per hour (11 to 41 kilometers per hour) with gusts reaching 52 mph (84 kph ). Goens and
Andrews (1998) suggest that a thunderstorm downdraft played a role in the 1990 Dude Fire
fatalities in Arizona. Channeling of the outflow winds through the rugged terrain led to the rapid
down- and cross-slope fire spread that entrapped the firefighters.

In this paper, we describe results from a thunderstorm-induced wind model capable of describing
the evolution of outflow winds. The model is designed to allow fire personnel to assess the risk
of changes in wind speed and direction, and take action to move fire crews to safety up to 30-60
minutes before wind shifts arrive at a fire site. The model links real-time operational radar
precipitation data with ambient temperature and relative humidity to map locations and fields of
outflow wind velocities as they evolve relative to local terrain during the course of the day. The
2013 Yarnell Hill Fire is used as a case study.

Model Description

The outflow model combines a simple density current model developed for simulating nocturnal
smoke movement (Achtemeier, 2005) with a simplified description of the thunderstorm life
cycle. Thunderstorms are envisioned as “black boxes” whose intensity is determined by the
intensity of radar precipitation measurements. The strength of the downdraft is determined from
the combination of precipitation intensity, ambient temperature and potential for evaporation as
precipitation falls through dry sub-cloud air. The downdraft strength relates to the outflow
temperature thus producing the cold air mass that pushes beyond the parent storm, displacing
nearby warmer air masses. The boundary of the cold air mass (gust front) is a near-discontinuity
in temperature, wind direction, and wind speed.
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Results

On June 30,2013 nineteen members of the Granite Mountain Interagency Hotshot Crew died on
the Yarnell Hill Fire in central Arizona. While much is unknown concerning this tragic event,
changes in fire behavior induced by changing weather conditions had a role as winds shifted
throughout the afternoon. At 1630 local standard time, thunderstorm outflows reached the
southern perimeter of the fire. Winds increased substantially; the fire turned south and overran
the Granite Mountain IHC at about 1642 LST (Yarnell Hill Serious Accident Investigation
Report, 2013). The following is our attempt to recreate the wind shifts of this event with a tool
that can eventually be used on fire incidents to better convey the threat of potential wind shifts.

Figure 1 shows the relationship between Yarnell, the radar site in Flagstaff AZ and various
topographic features. Yarnell is approximately 92 miles (142 km) west-southwest of the radar
site. Important topographic features include the Mogollon Rim near Flagstaff with elevation
approximately 7600 ft (2320 m) and two mountain ranges between the Mogollon Rim and
Yarnell. Prevailing thunderstorm movement was from the northeast at about 10 mph which
caused most thunderstorm outflows to be concentrated along the southwest-facing slopes of the
Mogollon Rim.

Yarnell

Figure 1:Topographic features in study area. Darker greens are lower elevations while tans show higher elevations.
Dashed lines indicate edge of Mogollon Rim and select mountain ranges.

Convection began late morning along the Mogollon Rim and by 1200 LST the outflow
boundaries from several strong storms had begun to merge along a northwest to southeast axis
along the Rim (Figure 2a). By 1335 LST, outflows from storms pushing off the Mogollon Rim
had merged into a single boundary advancing toward the southwest (arrows in Figure 2b).
Meanwhile, outflows from the storms over high ground northwest of Yarnell were pushing
toward lower elevations toward the southeast. By 1430 LST, outflows had merged into a single
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boundary and new storms were forming over the first mountain range southwest of the Mogollon
Rim (Figure 2c). At 1500 LST, The southwest-moving outflow boundary had stalled along the
mountain range just east of Yarnell (Figure 2d).

Figure 2: Radar precipitation echoes overlain on the elevation map and thunderstorm outflows identified by white
contours for a) 1231 LST, b) 1335 LST ¢) 1430 LST and d) 1500 LST. The blackened area identifies the location of the
Yarnell fire smoke plume as observed by radar at an elevation of 8,000 feet. The orange box in (d) represents the area of
focus in Figure 3.

By 1500 LST the outflow boundary reached the closer of the two ridges northeast of Yarnell
(Figure 3). New storms began to form as air was forced upward by the ridge. The ridge presented
a barrier to the southwestward advance of the outflow boundary until the newly developing
storms contributed additional cool dense air to fuel the gravity currents. By 1515 LST the
outflows surged through a gap in the ridge and began southwestward at 40-46 mph (64-74 kph).
At 1615 LST the outflow boundary reached the northern boundary of the radar-observed Yarnell
smoke plume. Meanwhile, a second outflow surge has breached a second gap in the ridge to the
east-northeast and is racing toward Yarnell from the east. By 1645 LST the outflows have
merged and shifted the winds to blow from the northeast over the Yarnell fire.
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Figure 3: Closeup of radar echoes overlaid on terrain with modeled evolution of the outflow boundary (white line) as it
progresses toward the Yarnell Hill Fire at a) 1515 LST, b) 1545 LST, ¢) 1615 LST and d) 1645 LST.

Summary

Overall the model did a reasonable job of capturing the complexities of the outflows as they
evolved over the course of an afternoon and traveled roughly 90 miles from the initial area of
convection. Topographic channeling of the outflows was effectively captured by the model
which contributed to the model doing a good job of conveying the complexity of the evolving
wind field far beyond what is currently conveyed in weather forecasts.

The model captured the major wind shifts associated with the thunderstorm outflows. However,
there were other weaker wind shifts that occurred mid-afternoon that were not captured in this
simulation. As the model is solely focused on simulating the evolution of the outflows there are
other aspects of the flow that are neglected. Slope flows induced by solar heating of the terrain
would influence the evolution of the outflows to some degree but are currently neglected. The
simple, single layer formulation of a density current is an additional limiting factor as three
dimensional effects may also play a role. Despite these limitations the model did supply a useful
description of the evolution of surface wind field for this event as the model captured the most
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dominant features of the flow and the simplifying assumptions allows the model computations to
be performed fast enough for this tool to be useful in an operational environment.
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Introduction

Wildland fires are extremely complex and destructive phenomena and their behavior depends on
the state of vegetation, meteorological conditions and ground terrain. Experimental studies of
wildfire behavior are expensive and challenging tasks. This makes the development of robust and
accurate models of wildfire behavior an extremely important activity. There are various types of
wildland fire models: statistical, empirical, semi-empirical and physics-based. This paper is
devoted to the development and validation of a physics-based multiphase Computational Fluid
Dynamics (CFD) model of wildland fire initiation and spread and smoke dispersion.

Over the past 30 years, a significant progress in the development of physics-based wildfire
models has been achieved. In particular, fully physical multiphase wildfire models have been
developed by Grishin et al. (198&rishin 1997, Porterie et al. 1998, 2000, Morvan and Dupuy
2001, Mell et al. 207. According to a review by Morvan 2011, one of the most advanced

models of this type is the three-dimensional (3D) model, WFDS (Wildland-urban interface Fire
Dynamics Simulator), developed by the National Institute of Standards and TechiNdB®gy

and the U.S. Forest Sgce. The validation of WFDS is ongoing: its recent validation was
conducted by Menage et al. 2012 with using the experimental data of Mendes-Lopes et al. 2003
on surface fire propagation in a bed of Pinus pinas¢edles. The same set of data was also

used by Porterie et al. 2000 in validating their multiphase model.

In the present study, a fully physical multiphase 3D model of wildland fire behavior was
developed and incorporated into the commercial general-purpose CFD software, PHOENICS,
employed as a framework and a solver. The model contains the main features proposed by
previous researchers, i.e. Grishin 1997 and Porterie et al. 1998, 2000, and it accounts for all the
important physical and physicochemical processes: drying, pyrolysis, char combustion, turbulent
combustion of gaseous products of pyrolysis, exchange of mass, momentum and energy between
gas and solid phase, turbulent gas flow and convective, conductive and radiative heat transfer. It
has been validated using the experimental data of Mendes-Lopes JMS et al. 2003. The predicted
rate of spread (ROS) of wildfire compares quantitatively well with its experimental values
obtained at various wind speeds (from 1 to 3 m/s). The use of PHOENICS software as a
framework for modeling allows model applications by potential users (students, researchers, fire
management teams, etc.) without any special CFD background due to availability of user-
friendly software interface, documentation and technical support. Moreover, an open and general
structure of software enables users to modify the model, test various built-in models of
turbulence and radiation, try various numerical schemes and import geometries from CAD
packages in order to model complex shapes of objects in wildland-urban interface (WUI).
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Physical and Mathematical Formulation
Following a multijnase modeling approach proposed by Grishin 1997 and Porterie et al. 2000
the forest is considered in this paper as a chemically reactive multiphase medium containing gas

phase with a volume fraction &f and condensed phase with a volume fractiof,dfliquid

water, dry organic matter, solid pyrolysis products and mineral part of fuel). The interaction
between phases is modeled by two sets of phase governing equations linked with proper source
terms expressing the gas flow resistance, multiphase heat transfer and chemical reactions. The
model accounts for drying, pyrolysis, char combustion, turbulent combustion of gaseous
products of pyrolysis, turbulent gas flow and heat transfer. In this study, the radiative heat
transfer is approached with a simple radiation model similar to widely used P1 — approximation
and soot formation is ignored. The Arrhenius-type kinetics is used for heterogeneous reactions
(drying, pyrolysis and char combustion) and the eddy dissipation concept (EDC) of Magnussen
and Hjertager 1976 is applied for modeling the gaseous combustion. Turbulence is modeled by
using the renormalization group (RNG} kaodel. Figure 1 shows the 3D domain containing the
gas flow region, auel bed representing the forest and an ignition line. The specific sizes of
domain and fuel bed vary in various case studies.

Figure 1: Computational domain: wind, ignition line and fuel bed

The gas phase goveng equations are written in a generic form as follows:

1 1 IF

—\rF)+—| ruF - G — |= 1
gt F) ﬂxi( | GFHXJ S 1)
Here, tis the time;x; is the spacial coordinate (i=1, 2, 3);is the gas mixture density;is the
velocity componenin x; direction and the specific expressions for dependent varibale, @,
diffusive exchangeaefficient, G , and source ternf. , are given in Table 1 below. The gas

phase volume fraain, 7, is taken equal to unity in equation (1)/gs= 1-f,, where the volume
fraction of condensed phasg,, is very small in the present studf, €0.016). The gas density is

Ca

3
calculated from the ideal gas law equation of state for mixture of gpsesRTZ , Where

a=1 a
p is the gas pres=yrT is the absolute gas temperati&és the universal gas constang;is the
mass fraction o& - species of gas mixture; index= 1,2,3, where 1 corresponds to oxygen, 2 -

3
to carbon monoxide, 3 - to all other components of gas mix@ea(= 1); M, is the molecular

a=1

weight of a -component of gas phase.
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Table 1. Dependent variables, effective exchange coefficients and sourcetermsin equation (1)

Conservation of D Ty Ss
Mass 1 0 m
X — momentum Ui H+ My ’/p+rg-lAC ru ||
77X, 8
Enthalpy "l m, nc | mg- AR(T-T)+4es (T TY)
Pr Pr,
Mass ofa — species Co m n, m,
s’ sq
Turbulent kinetic energy k L r(R +W, - €
sk
Dissipation raetﬁeorg;urbulent Kinetic e ’77+5_”Z , E(Celpk e+ CW, - Ryg)

Here,h is the gas enthalpy;ik the turbulent kinetic energyis the dissipation rate of turbulent

kinetic energyu and p; are the dynamic molecular and turbulent viscosities calculated from
147940 °T*®

equationsm= , m=C,rk?/e; Pr, Sc,Pr,andSg are the mkecular and
T+ 116275

turbulent Prandtl and Schmidt numbe®g, 6,,, C,, Ce1, Ce,, Cez are the empirical constants of
turbulent modelg; is the gravity acceleration componeigt<£ (00,- g)); U is the gas velocity

vector having three velocity components u,, u,; A, is the specific wetted area of fuel bed
(A =7,5,);s,is the surface-area-to-volume ratio of solid parti€lgis a particle drag

coefficient C4=24(1+0.15 Re %)/ Res Re<800 depending on the effective particle
Reynolds numbeRe.s= 7 |U| dedl ,which is calculated using the equivalent spherical particle

diameterd.=6/s ; h,is the particle heat transfer coefficiert & / Nu,/d,) depending on the

heat conductivity of gad, particle Nusselt numbeNus , and equivalent diameter of cylindrical
particle,ds=4/0s, Nus is a function of particle Reynolds numb&g = r |G| dJ/u : Nus

=0.683Rg™*°°; q.isthe hearelease rate of gas phase combustion of carbon monoxide
(gs=1.E+7 J/kg),s is the Stephan-Boltzman constafg;js the absolute temperature of solid

phaseTs is the ‘raliosity temperature’ defined &8/(4s ))** whereR, is the incident radiation
(Wm®); &; is the absrption coefficient of gas phas;, W are the turbulent production terms;
Rrne IS an additional term proposed in the RK&model (Rne = 0 ink-e model). The mass
ratesm, m, , m, and rr152 are defined as (see Grishin 1997 and Portetried. 2000)

M= (- a)R R+ R, m, =4 minGe, 1), my =~ 23 m - R @)

,=n,1-a)R - ms R =k,/y/ expt E/RTy), R, = k,r;j ,Ts* expt E, /RT,)
R, =§k3fj S <¢; expe B /RT;)
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HereM, M; and M are the moladar weights of gas mixture, oxygen and carban;andy are

the coke numbemal the fraction of combustible gaseous products of pyrolysis defined by
Grishin et al. 1986 and Grishin 1994 (= 0.06,y = 0.7);R., R andR; are the mass rates of

chemical readbns (pyrolysis, evaporation and char combustion) approximated by Arrhenius
laws whose parameters, i.e. pre-exponential condtaautsl activation energies,Bre available
from Grishin et al(1986) and Porteriet al. 2000:k, = 3.63E+4 8, k, = 6.E+5 K25 k, =

430 m&', E/R =7250K, E,/R =5800 K, E,/R = 9000 K.
The raes of degadation of condensed phase are computed from the equations (Grishin 1997):

i i ' M ' g . <
,—L 'Rv"zL:'Rz’rsL acR - Mc R3,/‘47//4 O’Z/i=1'/S=Z/i' (3)
1 i=1 i=1

b t 7t o
As suggested by Grishin 1997 and Portetial 2000, the solid particles are considered

thermally thin and their temperature is computed from the following conservation equation:

;ricpiji 7/;[8 =- qR- R+ gR +4e,s(T,'- )+ Ah(T- Ty) (4)

Here and above;, /i and G, are the density, volume fraction and specific heat of a phase
component (1 —ny organic substance, 2 — liquid water, 3 — condensed products of pyrolysis, 4 —
mineral component of fuel, 5 — gas phasggre the heat release rates of chemical reactions. In
this study, foi =1, 2, 3 and 44; = 680, 1000, 200 and 200 k'gf[rcpi =2.0,4.18,09and 1.0
kJkg*K™: g = 418 Jki and s = 1.2E+7 Jkg as in Porteriet al 2000 andy, = 3.E+6 Jkd as
in Grishin et al(1986)). The initial volume fractions of condensed phase are calculated from
equations (Grishin et al. (1986)):

_ ro(l' nash) P Wfo(l' nash) ;

; rOnash
- ), e 1 e = O! e = 5
le /,1 2 100/,2 3 / 4 /,4 ( )

Here, r,is the bulk density of fuelp,, is the ashes content (, = 0.04);W s the fuel moisture
content (%). In the first validation study (see next sectiop)s 10 kgm®, W= 10%, and
equations (5) mult in the following initial values of;: /,.= 0.014/,.= 9.1E-4,/ ,= 8.E-4.

The radiative transfer equation (RTE) is written with use of a PHOENICS varigble, T

%(/3%j=4els (T -TY+4e,s(T,)-Td); /1, = 4T, /(0.75(e, + e,)+1/wW ) (6

Here,g; and g are the absorption coefficients of gas and solid phageshich depends on gas
temperature and ass fractions of products of gaseous combustion, was taken equal to a constant

value of 0.1 for simplicity in this study:= 7, s, /4 =/,/d according to Porteriet al. 1998.

Equation (6) is a formulation similar to RTE in P1-approximation used by Paeteaie1998
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with the only difference that an additional term\W}/ , is included as proposed in PHOENICS

documentation ofMMERSOL radiation modelW.

4 1S the gap between the solid walls).

Results and Discussion

The model described in the previous section was validated in a case, which was studied
experimentally g Mendes-Lopes JME&t al. 2003 and numerically by Porteeeal. 1998, 2000

and Menaget al. 2012. In this case, the fuel bed has the following input parameters (according
to Porterie et al. 1998, 2000): a height of 5 cm, a fuel load value of 0.5 kg/meedles density

of 680 kg/ni , a buk fuel density of 10 kg/fh an initial moisture content of 10% and a surface-
area-to-volume tiio of needles of about 5511'mA 2.2 m x 1 m x 0.05 m fuel bed was

considered withim 4.2 m x 1 m x 0.9 m domain (see Figure 1). For the sake of simplicity, a 2D
formulation was applied by ignoring the gas flow and transport of mass and enesgy in X
direction. A comptational grid of 190x40 cells was used based on grid sensitivity study. The
ignition source was located at the beginning of fuel bed (at 1 m distance from the origin) and the
ignition was simulated by introducing a volumetric heat source of 0.1 m length over the whole
fuel bed width and height (its temperature was linearly increased from 700°K to 1000°K during
the first 8 seconds of simulation). The three wind speeds of 1, 2 and 3 m/s were considered. The
focus of our study was on the model capabilities to predict the fire rate of spread (ROS)
measured by Mendes-Lopes JMS et al. 2003 and to reproduce the main flow patterns predicted
numerically by Porteriet al. 1998, 2000. The ROS was calculated (in accordance with Porterie
et al. 1998, 2000) as a speed of propagation of the isofhigrr600°K (or 500°K) at the ground
level. Figure 2 lsows the transient propagation of pyrolysis front defined with use of isofherm

= 600°K for threenvind speeds of 1, 2 and 3 m/s. The quasi-steady values of ROS defined as
rates of change of front positions with time are 1.2, 2.5 and 4.3 cm/s respectively. These values
are well compared with the experimental ROS values of Mendes-Lopes JMS et al. 2003
(measured at zero slope of bed): 1.04, 2.08 and 4.92 cm/s respectively.
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Figure 2. Pyrolysisfront propagation for threewind speedsof 1, 2 and 3 m/s

Figure 3 shows #distributions of solid phase temperatufg,and mass fractions of oxygen
(C1) and carbon onoxide (C2) (a gaseous product of pyrolysis) predicted for a wind speed of 1
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m/s at x =0 m and t = 20 s. The fuel bed heating from propagating fire causes water
evaporation, pyrgsis (between 400°K and 500°K) and char combustion (at about 700°K). The
carbon monoxide, which is released during pyrolysis, participates in gaseous combustion and its
mass fraction drops to zero. The oxygen mass fraction reduces in pyrolysis zone due to creation
of CO in that zone and then it drops to zero within the combustion zone due to oxygen
consumption.

Figure 4 shows the distributions of gas temperature and velocity predicted at t = 40 s for wind
speeds of 1 and 2 m/s (top and bottom respectively). At a wind speed of 1 m/s, a large clockwise
eddy is formed ahead of strong buoyant plume and the plume is oscillating with time. As wind
speed increases from 1 to 2 m/s, a transition from buoyancy-dominated regime to wind-driven
regime is observed and the plume becomes more stable. These flow patterns were also reported
by Porterie et al2000.

Figure 3. Solid phase temperatur e (3) and mass fractions of oxygen (1) and carbon monoxide (2) for wind speed of 1 m/s
att=20s

Figure 4. Gastemper ature and velocity vectors at wind speeds of 1 m/s (top) and 2 m/s (bottom) at t = 40 sec
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Conclusions

A multiphase CFD model of wildfire initiation and spread has been developed and incorporated
into the multi-pupose CFD software, PHOENICS. The model accounts for all the important
physical and physicochemical processes: drying, pyrolysis, char combustion, turbulent
combustion of gaseous products of pyrolysis, exchange of mass, momentum and energy between
gas and solid phase, turbulent gas flow and convective, conductive and radiative heat transfer.
Turbulence is modeled by using the RM& model and the radiative heat transfer is approached
with a model sindar to P1-approximation. The Arrhenius-type kinetics is used for heterogeneous
reactions (drying, pyrolysis and char combustion) and the eddy dissipation concept is applied for
modeling the gaseous combustion. The model was validated using the experimental data of
Mendes-Lopegt al. 2003 on surface fire propagation in a beRintis pinasteneedles studied

in a wind tunnel. The predicted rate of spread (ROS) is well agreed with experimental values
obtained at various wind speeds (from 1 to 3 m/s). The model is being further developed by
modifying the radiative heat transfer model and it will be validated using the data on large forest
fires including crown fires.
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Introduction

Measuring fuel properties in the field is the most accurate and consistent method for fire managers and
researchers to collect the inputs needed for fuel description, and fire behavior and effects simulation
(Keane 2015). Quantification of fuel properties is accomplished by field sampling; measuring fuel
characteristics in situ to estimate fuel properties. And since there is a great diversity of fuel components,
coupled with a large number of fuel characteristics, there are numerous sampling approaches and designs
to estimate fuel properties at the particle, component, and fuelbed scale. Here, field sampling is a general
term used to describe the wide range of approaches for measuring only one specific fuel property —
loading or mass per unit area.

Operational sampling facilitates the planning, design, and eventual implementation of a fire
management application. Often, management oriented sampling designs do not require the same degree
of accuracy as research sampling, so they are often less intensive, not as costly, and easier to implement
(Lutes et al. 2006). Management sampling efforts are designed to be applied across large areas by
technicians with little to high levels of training in fuel sampling. This presentation is a summary of the
latest surface fuel sampling technologies for management applications by both indirect and direct
methods for all fuel components including litter, duff, fine woody debris (FWD; woody particles <25 cm
diameter) and coarse woody debris (CWD; woody particles greater than 25 cm diameter).

Indirect Fuel Sampling

These methods involve quantifying fuel loadings using techniques that don’t directly involve measuring
the fuel property, but rather, use other sources to quantify loadings. This usually involves subjectively
assigning loadings by comparing with existing data (association), inspecting fuel conditions and visually
comparing to reference conditions (visual), or correlating with remotely sensed imagery.

Associative Techniques

The most common associative technique involves using existing data or information, often collected
by someone else from somewhere else, to estimate loading values for the area of concern or project area.
Fuel loading data collected for another area, for example, may be associated to the area in question if the
two areas are deemed similar, perhaps based on vegetation composition, disturbance histories, and
biophysical site conditions. Catchpole and Wheeler (1992) call this approach the comparative yield
method and mention it could be improved by using statistics, photos, and expertise to aid in the data
assignment. The problem with this technique is that each site and project area is ecologically unique and
the extrapolation of loadings from one site to another might ignore those important but subtle factors that
influenced component loadings, such as differences in basal area, tree density, disturbance history,
topographic setting, and stand structure. Another commonly used associative technique is to assign fuel
loadings to a sample area based on the sampled area’s vegetation characteristics. Many fuel
classifications were built by summarizing plot-based fuel component loadings across categories in
vegetation and related classifications such as structural stage, cover type, and potential vegetation type
(Keane 2015).
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Another associative method is using mapped loading values from readily available digital geospatial
products as fuel loading estimates. The LANDFIRE National Project, for example, mapped four fuel
classifications across the United States (Reeves et al. 2009) and many have used the loading values from
these classifications to quantify loadings for a specific project area. This method, while inexpensive,
quick, and easy, is not recommended until existing fuel maps are much improved. Locally created fuel
maps may have sufficient quality, but regional and national maps should only be used for fuel analyses at
broad scales, not at the project level. Depending on the resolution, fuel maps could still be useful for
stratifying the sample area (or target population) into subunits to make sampling efforts more efficient.

Visual Techniques

Visual techniques involve assessing the loading of fuel components from ocular estimates. This level
of resolution and accuracy may be acceptable for some fuel applications, such as describing fuels to other
professionals. However, it is rare that anyone can accurately estimate loadings of all fuel components by
eye, especially for FWD, duff, and litter.

Perhaps the most popular comparative visual technique is the photo series. Surface fuel loadings are
ocularly estimated using a set of photos that present stand conditions for various vegetation types and site
conditions. Photos were taken of representative fuel types in a particular geographical region, and then
fuel component loadings were measured for the photo footprint and the summary of those loadings is
reported next to the photo in the photo series publication. These photo series publications are taken to the
field and the observed conditions in the field are visually matched to the best photo and the loading
computed for the photographed stand are used for the loadings of the matched stand. Despite its huge
popularity, the photo series has yet to be comprehensively evaluated across many vegetation types or
environmental conditions. Sikkink and Keane (2008) found loading estimated using photo series
approaches were often inaccurate and difficult to repeat across observers, albeit there were some
limitations in the training of the crews. While photo series may give loading estimates to the resolution
needed for management decisions, future uses of loading estimates, such as predicting smoke emissions
and carbon inventories, may demand a more accurate and repeatable method of loading estimate.

The new photoload method uses calibrated, downward-looking photographs of known fuel loads for
woody, shrub, and herbaceous fuels to compare with conditions in the field (Keane and Dickinson 2007a,
b). These ocular estimates can then be adjusted for diameter, rot level, and fuelbed height. There are
different photoload methods for logs, FWD, shrubs, and herbaceous material, but there are no photoload
methods for measuring duff and litter loading. The photoload technique differs from photo series in that
assessments are made by comparing field fuel conditions to smaller scale downward-pointing
photographs of graduated fuel loadings. Photoload methods are much faster and easier than fixed-area
and planar intercept techniques with comparable accuracies (Sikkink and Keane 2008), and they can be
used in multi-stage sampling strategies where a fraction of the total plots are also destructively sampled
and correlated to photoload samples to develop a means for correcting all photoload estimates (Keane et
al. 2012b). However, Keane and Gray (2013) found the photoload technique requires extensive training
to be used effectively; inexperienced users often could not consistently and accurately estimate high fuel
loads.

Fuel classifications can also be used as a sampling method. In this technique, a fuel classification
class is visually identified in the field, and the loadings assigned for that class are used as the sampled
loadings. Fuel classifications that use vegetation to classify fuelbeds are probably the most uncertain,
while classifications that contain dichotomous keys for identifying classes based on fuelbed properties,
such as the FLM classification (Lutes et al. 2009b), are best for fuel assessment because they can be used
by inexperienced crews to estimate fuel loadings with moderate accuracies (Keane et al. 2013).

Another visual method uses fuel hazard assessments across different fuel strata to obtain loading
estimates for various components in the fuelbed. Originally developed by Gould et al. (2008) for
Australia, this method involves making hazard assessments for the overstory and intermediate canopy
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layers, and then elevated, high, and low surface fuel layers. Each layer is given a score based on fuelbed
attributes including percent canopy cover, presence of stringy bark, and suspended dead material. These
scores are summarized and correlated to actual fuel loadings using statistical models (Gould et al. 2011).

One last visual technique involves using cover-volume methods to calculate loadings from visually
estimated canopy cover and height. In this technique, canopy cover is estimated by eye for those
components with small and variable fuel particles that are grouped together into one component, such as
shrubs, herbs, and trees, and an estimate of measured or estimated height is also made in a fixed area
sample unit for those components. Some fuel sampling packages, such as FIREMON (Lutes et al. 2006),
describe how to estimate canopy cover and how to visually estimate height. Volumes of the assessed
components (volume includes air pockets) are then calculated by multiplying the proportion cover (%
cover divided by 100) by height (m) and sampling area (m?). Loadings are then estimated by multiplying
volume (m) by bulk density estimates (kg m™) for the sample unit. Bulk densities for litter, duff, shrub,
and herb components can be found in the literature (Brown 1981; Keane et al. 2012b) or estimated from a
small proportion of the plots using destructive sampling.

Imagery Techniques
I magery techniques involve using advanced statistical analysis to correlate fuel loadings to the
digital signatures in the digital imagery. A potentially useful imagery technique is the quantification of
fuel loads using image processing techniques or software. Years ago, Fahnestock (1971) calculated
loading for several fuel components using a dot grid projected on color photographs of a cross-section of
bayberry shrub fuel layer. Today there are sophisticated image processing approaches that use computer
software. The stereoscopic vision technique (SVT), for example, involves taking stereoscopic photos of
the fuelbed in the field then inputting the digital photos into computer-image recognition software to
identify woody fuels and then compute loading volume (Arcos et al. 1998; Sandberg et al. 2001).
Another emerging technology is the use of ground based lidar to estimate fuel loads for some fuelbeds
(Loudermilk et al. 2009). Here, a terrestrial scanning lidar (TSL) unit is mounted on a truck or some
other vehicle to obtain scan distances for ground fuels at sub-cm scales. The lidar signal can then be
related to loading by constructing statistical models where destructively sampled loadings for various
components are correlated to the lidar imagery scan distances. It is sometimes difficult to differentiate
between fuel components using TSL in heterogeneous fuelbeds but still possible. This technique may
only be possible for research purposes in the near future because the TSL instrument is rather expensive
(>$40,000), demands a high level of expertise to use and analyze, and it is also difficult to transport and
use in complex terrain.

Direct Methods

These methods involve directly sampling or measuring characteristics of fuel particles to
calculate loading. This usually involves direct contact with the fuel, such as measuring dimensions of
particles using calipers, estimating depths of duff and litter using rulers, or collecting particles for drying
and weighing in the lab.

Planar Intercept

Planar intercept (PI) techniques are the most commonly used sampling methods for sampling downed
woody fuels for both management and research (Catchpole and Wheeler 1992; Dibble and Rees 2005)
and both inventory and monitoring projects (Waddell 2001; Busing et al. 2000). PI sampling involves
counting woody fuel particles by diameter size classes, or by directly measuring individual particle
diameters, as they intercept a vertical sampling plane that is of a fixed length and height (Brown 1970,
Brown 1974). These intercepts are then converted to loadings using standard formulae (Brown 1974).
Advantages of the PI method are that it is easy to use and easy to teach (Lutes et al. 2009a; Lutes et al.
2006). Novice field technicians can be taught this method in a short time (1 hr) to achieve moderately
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repeatable measurements. The method can also be easily modified to adjust for local conditions,
available expertise, and sampling conflicts, such as long plot times, scattered woody fuels, or slash. The
sampling plane can be any size, shape, or orientation in space and samples can be taken anywhere within
the limits set for the plane (Brown 1971). It also requires few specialized equipment; often a plastic ruler
and cloth tape are the only gear needed.

However, there are some problems to the PI method. First, it only can be used for estimating downed
dead woody loading; loadings for other fuel components, such as canopy fuels, litter, and duff, must be
estimated with entirely different methods. This is problematic because the sampling unit for PI (transect)
does not always scale to the fixed area plot methods used for other components or other forest and range
inventories (Keane and Gray 2013). CWD transects, for example, are usually too long to fit within the
area of standard plot sizes. PI sampling designs are also difficult to merge with other sampling designs
because the PI was designed to sample entire stands, not fixed-area plots. PI methods also require a large
number of transects under highly variable fuel conditions, which may be time- and cost-prohibitive for
operational sampling efforts. Keane and Gray (2013) found that over 200 m of transect were needed on a
0.05 ha plot to sample FWD within 20% of the mean. Moreover, some feel that it is difficult to repeat
particle intercept counts with any degree of reliability (Sikkink and Keane 2008).

Fixed area plots

In contrast to unequal probability strategies, such as, PI, fixed area plots (FAP) are based on equal
probability sampling methods and have been adapted from vegetation composition and structure studies
to sample fuels (Mueller-Dombois and Ellenberg 1974). In FAP sampling, a plot of any geometric shape,
often round or square, is used as a sampling unit and all fuels within the plot boundary are measured
using any number of fuel measurement methods including destructive collection, volumetric
measurements, vertical depths of duff and litter layers, and particle counts by size class) (Keane et al.
2012b) . FAPs can be any size, and often the best sampling efforts scale the size of the FAP to the fuel
being measured (e.g., small plots for FWD, large plots for CWD). Because FAP approaches require
significant investments of time and money, they are more commonly used to answer research questions
rather than to monitor or inventory fuels for management planning. However, new methods have been
designed to use FAP in operational sampling projects (Keane and Gray 2013)

The FAP method may be a more ecologically appropriate method for obtaining accurate fuel loading
estimates for many surface fuel components. FAP techniques tend to give a better representation of the
actual variation observed in the field for surface fuel components (Keane and Gray 2013). FAP sizes and
number can be adjusted to reduce sampling times but may result in reduced precision of fuel loading
estimates. FAP size can also be adjusted to account for the spatial scaling of loading by fuel size. Larger
fuels (CWD), for example, can be sampled with larger plots to fully account for spatial distributions in
sample estimates. Moreover, FAP sampling is easily adapted or merged with other protocols commonly
used to sample other fuel components or other ecosystem attributes. And last, it may be more practical to
sample fuels using FAP methods because many fuel components can be linked together in the same
sampling unit. The main limitation of the FAP sampling method is that there has yet to be a set of
standardized operational FAP protocols for surface fuel sampling. Many fuels professional are unfamiliar
with the FAP technique and don’t have the knowledge and expertise to create their own FAP methods.

Distance sampling

Another new method is perpendicular distance sampling (PDS) which samples logs using
probability proportional to volume concepts (Gove et al. 2012; Ducey et al. 2013; Williams and Gove
2003). With PDS, the total volume of the logs on a landscape can be estimated from counts of logs at
various sample points. Loading can then be estimated by multiplying volume by particle density (kg m-3)
estimates. PDS is named because a log is selected to the sample if a line from a sample point intersects
the central axis of the log at a right angle and the length of this line is less than some limiting distance that
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changes along log length in a manner that is based on the sampling design. There are many variants of
PDS including the distance-limited protocol for PDS, which uses a fixed distance from the perpendicular
line to estimate volume then loading (Ducey et al. 2013). Transect relascope, point relascope, and prism
sweep sampling use angle gauge theory to expand on the PDS and line-transect method for sampling
coarse woody debris (Stahl 1998; Gove et al. 2005; Bebber and Thomas 2003). This method is most
effective for measuring CWD (Gove et al. 2012), but Ducey et al. (2008) demonstrated PDS can be used
to estimate other ecological attributes, perhaps finding a future use in FWD loading estimation.

Cover and volume sampling

An alternative to the above direct methods is applying the abundant methods that directly measure
canopy cover in vegetation sampling efforts to fuel sampling, as opposed to visually estimating canopy
cover as presented above. Canopy cover is directly measured using a suite of methods, techniques, and
protocols for ecological inventories and research efforts (Krebs 1999; Mueller-Dombois and Ellenberg
1974), and some of these may potentially be applied to measuring fuel loading. Point sampling, for
example, involves using a vertically placed rod of a small diameter to determine the particle that it
contacts, and the number of contacts per particle type (i.e. fuel component) is then used to estimate cover.
If applied to fuel sampling, the number of contacts can be correlated with the destructive sampling
estimates of biomass. Measures of the height of each contact can be augmented with number of contacts
to associate both cover and average height with loading (Catchpole and Wheeler 1992). The problem
with cover methods for estimating loadings is that canopy cover, regardless of how it’s measured, may be
poorly correlated with fuel loadings (Catchpole and Wheeler 1992). Many of these cover methods
provide repeatable estimates with low bias compared to visual techniques, but the use of cover methods to
assess all fuel component loadings would not be recommended.

The volume method involves sampling the dimensions of a fuel particle or component to compute
volume then multiplying volume by particle density or bulk density to get loading. An advantage of the
volume method is that it can be used at particle, component, and fuelbed scale. Fuel component volume
can indirectly calculated using the proportion measured cover (% cover divided by 100) and multiplying
it by height (m), sampling area (m?), and bulk density (kg m™). Hood and Wu (2006) used the cover-
volume approach to calculate loadings of masticated fuelbeds. Fuel component or particle dimensions
can also be measure to directly estimate volume. Litter loading, for example, can be estimated by (1)
measuring litter depths within a 1 m? microplot, (2) computing an average depth (m), (3) multiplying by
sample unit FAP area (1 m?) to calculate volume, and (4) calculating loading by multiplying volume (m?)
by bulk density (kg m~) and dividing by area of microplot (m?). Volume can also be used to estimate
mass of a fuel particle by (1) measuring particle dimensions (length, width, and depth), (2) estimating a
volume by multiplying length, width, and depth, and then (3) multiplying particle volume by particle
density to get dry weight. Loading is then calculated by summing all particle dry weights over sample
unit (FAP) area.

Destructive sampling

Destructive sampling involves removing fuel by clipping, collecting, drying, and weighing the material.
An alternative is to (1) collect and weigh the wet fuel in the field; (2) subsample that fuel to dry and
weigh to estimate a moisture content, and then (3) use the subsampled moisture content to adjust the wet
field weight to dry weight. Destructive sampling can be scaled for any sampling design or objective. Fuel
particles can be collected individually, as a group (shrub or tree), or on fixed area plots. Destructive
sampling almost always involves subsampling a fuel component or fuelbed so statistical methods are
often required to summarize subsampled estimates to describe the sampling area. Often, destructive
sampling is used to create predictive biomass equations for a fuel component, such as a tree or shrub.
This predictive equation can then be applied to inventory data to compute loading. Most destructive
sampling is for research rather than operational management inventory and monitoring.
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Integrated surface fuel sampling

Sampling projects are rarely designed using only one sampling approach or technique. The diversity of
surface fuel components coupled with the constraints of limited resources always result in a project-level
sampling designs that compromise statistical rigor to ensure success by integrating the above techniques
and approaches. Conventional standardized surface fuel sampling protocols nearly always recommend
using planar intercept techniques for woody fuel loading and volume approaches for litter, duff, shrub and
herb (Lutes et al. 2006). The photoload approach has been augmented with planar intercept, fixed area
log sampling, and volume estimates for duff and litter (Keane et al. 2012b). Catchpole and Wheeler
(1992) mention a sampling technique called “double sampling” where destructive techniques are used on
a subsample of fixed area plots to calibrate loading estimates from visual techniques. Keane et al.
(2012b) used double sampling for another reason -- to adjust visual estimates using statistical regression.
This melding of approaches, techniques, and intensities may aid in successful sampling designs, but the
resultant loading estimates have different error distributions, variability, and usefulness for each fuel
component.
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was tested using ENM Tools where the variables with r > 0.7 were dropped from the analysis
(Warren et. al., 2010). The accuracy of the model was assessed using the area under the curve
(AUC) of a receiver operating characteristic (ROC) plot and to assess the variables
importance we adopted a jackknife procedure (Yang et. al., 2013). Hence, 100 model
predictions were averaged to produce a probability map. Additionally, for demonstration of
high and marginal fire area, all values above 0.6 were categorized as high fire and those
between 0.2 and 0.6 as marginal fire areas.

Results

Out of total 22 independent variables selected only 12 variables contributed 96.9% towards
predicting the occurrence of fire. The model performed well, with a low omission rate at 10%
threshold (p<0.0002). Based on a 10% training presence logistic threshold, values below 0.2
were selected as no fire area. The model predicted that about 9.70 % (127.04 km?) area
falling under high fire followed by marginal fire 38.29 % (501.11 km?) and about 52.00%
(680.5 km?) under no fire category. The results demonstrated that the dry deciduous forest
having moderate canopy density and near to village were more impacted than other forest.
Forest canopy density, Forest type, distance to village and elevation were highest contributors
with 59.3%, 19.2%, 5.2%, and 1.9% respectively. The area under the curve (AUC) score was
(0.844) for the training data from our model, which indicates a moderate to excellent
predictive ability of the model.

Conclusions

The map resulted in the present modeling will be of great help in conservation plans and
serve as a bench mark for collection of presence and absence data on forest fire. Forest
canopy density and Forest type plays an important role in predicting the occurrence of fire,
Our model output and previous field surveys revealed that the occurrence of fire in dry
deciduous forest having moderate canopy density ranged up to 2000 m elevation. The high
fire areas predicted in the study should be used prioritized for carrying out adaptive forest
management to mitigate forest fire and conserve Tiger habitat in Lansdowne corridor. This
study exemplifies the usefulness of prediction model of forest fire and offers a more effective
way for management of forest fire. Overall this study depicts the model for conservation of
tiger’s natural habitat and forest conservation by all means which is beneficial for both the

wildlife and human beings for future prospective.
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Introduction

The USDA-Forest Service Fire Management and Air Programs in Region 5 established the two-
year Southern Sierra Pilot Project (SSPP) to evaluate available beta attenuation monitoring
(BAM) instrumentation, monitoring methods, and practical quick-response management tools to
communicate potential air pollution impacts from prescribed and wildland fire. The Forest
Service contracted Air Resource Specialists, Inc. (ARS) to procure, integrate, test, and provide
technical support of this equipment.

PM,y and PM; s are the predominant pollutants in smoke emitted from wildland fires and can
have severe health effects for firefighters and at-risk populations, especially those with chronic
pulmonary and cardiac diseases (Sandberg et al., 18). Stationary Met One BAM-1020s and
portable E-BAM particle instruments were used to monitor PM;o and PM, s emissions for the
SSPP. Met One’s BAM-1020 beta attenuation mass monitor is a federal reference method that
meets the EPA requirements for monitoring PM, compliance, but can be limited in use by land
management agencies due to a lack of portability and reliance on AC power. The E-BAM was
developed as a smaller portable device that does not require environmental housing (heating or
air conditioning), and can be supported with AC or solar power.

This study demonstrated that wildfire smoke concentrations can be effectively monitored with
BAM particulate monitors in real-time with live data posted to a website. Access to real-time
data has proven to be an advantageous tool for both fire managers and land managers by
enabling them to effectively predict the spread and intensity of a fire and evaluate smoke
exposure for firefighters and neighboring populations.

Materials and methods

Instrumentation and Site Specifications

The SSPP has been developed to test the utility, accuracy, reliability, monitoring, and data
management requirements of BAM particulate monitors in a comprehensive network. The test

network for this study included 3 BAM-1020 units deployed in particulate-sensitive communities
to characterize baseline and event conditions, and approximately 10 portable E-BAM units
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deployed in rural locations to characterize the impacts of smoke events from prescribed burning
and wildland fire. The SSPP site-network included 13 individual monitoring sites which can be
seen on the map shown in Figure 1.

Each particle monitor site also included several meteorological parameters. Both the Kernville
and Pinehurst BAM-1020 units were collocated with RAWS (Remote Automated Weather
Station) instrumentation. All other sites (BAM-1020 and E-BAM) incorporated Met One
meteorological instruments.

All units were equipped with ORBCOMM or Iridium satellite modems to deliver data in “near
real-time” to the Interagency Smoke Monitoring Web site (http://app.airsis.com/USFS/). Each

modem was equipped with a unique USFS identification tracking number. Individual site
overviews by instrument type follow.

Figure 1: Southern Sierra Pilot Project Monitoring Locations
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Figure 2: Pinehurst Monitoring Station Figure 3: Camp Nelson Monitoring Station

The Kernville site contained one BAM-1020 and a collocated RAWS Meteorological Station.
The site was located in the Sequoia National Forest. Data were collected and posted on the
Smoke Monitoring Website under the ORBCOMM modem identification #49.

The Pinehurst site contained one BAM-1020 and a collocated RAWS Meteorological Station.
The site was located in the Sequoia National Forest. Figure 2 above shows the site configuration.
Data were collected and posted on the Smoke Monitoring Website under the ORBCOMM
modem identification #50.

The Springville site contained one BAM-1020 with several Met One meteorological sensors, a
2B Technologies ozone analyzer, and an AUTOMET datalogger. The site was located in the
Sequoia National Forest. Data were collected and posted on the Smoke Monitoring Website
under the ORBCOMM modem identification #51.

The Camp Nelson site contained one E-BAM with several meteorological sensors. The site was
located in the Sequoia National Forest. Figure 3 above shows the site configuration. Data were
configured to collect and post on the Smoke Monitoring Website under the ORBCOMM modem
identification #45.

The Cedar Grove site contained one E-BAM with several meteorological sensors. The site was
located in the Sequoia National Forest. Data were collected and posted on the Smoke
Monitoring Website under the ORBCOMM modem identification #55.

The Kennedy Meadows site contained one E-BAM with several meteorological sensors. The site
was located in the Sequoia National Forest. Data were collected and posted on the Smoke
Monitoring Website under the ORBCOMM modem identification #47. The event-based unit
was used to monitor PM; s emissions from the Crag Wildland Fire Use, a prescribed burn in the
surrounding area.

The Lakeside site contained one E-BAM with several meteorological sensors. The site was
located in the Sierra National Forest at the Lakeside work center next to Hume Lake. Data were
collected and posted on the Smoke Monitoring Website under the ORBCOMM modem
identification #55, to monitor a prescribed burn in the Hume Lake region.
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The Porterville site contained two E-BAMs with several meteorological sensors. The site was
located in the Sequoia National Forest headquarters parking lot in Porterville, California. The
site configuration can be seen in Figure 4 below. Data were collected and posted on the Smoke
Monitoring Web site under the ORBCOMM modem identification #46 and #47.

Figure 4: Porterville Monitoring Station Figure 5: Trimmer Monitoring Station

The Sequoia Kings Canyon (or Hume Lake) site contained one E-BAM with several
meteorological sensors. The site was located in the Sequoia National Forest. Data were
collected and posted on the Smoke Monitoring Website under the ORBCOMM modem
identification #46 to monitor the Comb Fire Wildland Fire Use burn in the surrounding area

The Sequoia Lake site contained one E-BAM with several meteorological sensors. The site was
located at Sequoia Lake in the Sequoia National Forest. Data were collected and posted on the
Smoke Monitoring Website under the ORBCOMM modem identification #55 to monitor the
Grant E and Grant G prescribed fires in the surrounding area.

The Three Rivers site contained one E-BAM with several meteorological sensors. The site was
located in the Sierra National Forest. Data were collected and posted on the Smoke Monitoring
Web site under the ORBCOMM modem identification #55 to monitor the High Bridge
prescribed burn in the surrounding area.

The Trimmer site contained one E-BAM with several meteorological sensors. The site was
located in the Sierra National Forest. Data were collected and posted on the Smoke Monitoring
Website under the ORBCOMM modem identification #52. The site configuration can be seen
above in Figure 5.

The Tuolumne City site contained one E-BAM with several meteorological sensors. The site
was located in the Stanislaus National Forest. Data were collected and posted on the Smoke
Monitoring Web site under the ORBCOMM modem identification #48.

Routine Operations

Each site operator received a BAM-1020 and/or E-BAM User’s Guide which outlined
instrument-specific, bi-weekly and monthly maintenance checks. Site operators were
responsible for maintaining the instrument and reporting noted problems to ARS instrument
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specialist Mike Slate. Completed bi-weekly and monthly maintenance checklist sheets were sent
to ARS after each site maintenance visit was completed. Semiannual (six-month) maintenance
and calibration checks were performed by ARS field specialists.

Data Management, Validation and Reporting

Real-time data was collected via ORBCOMM satellite using an instrument-specific modem
identification number. All particulate and meteorological data were transmitted hourly to the
Interagency Smoke Monitoring Web server (located at Oceaneering headquarters in San Diego)
and to Air Resource Specialist’s Air Quality Data Base (AQDB).

Each business day, ARS’ specialized team of data analysts verified that all data were received
and identified operational problems or data inconsistencies. Preliminary data validation was
performed monthly by data analysts. During both the preliminary and final validation processes,
all data were screened for quality, consistency, and instrument-related malfunctions.

Weekly updates consisting of raw stack plots and brief operational timelines for all operational
sites within the SSPP were routinely provided to the Region 5 Air Program Managers. Graphic
and tabular data summaries of validated data for all operational sites were provided to Region 5
Air Program Managers on a monthly basis. Real-time data could be viewed at the Interagency
Smoke Monitoring Website. An example of the detailed site data that can be obtained from the
website is shown below in Figure 6. The website is maintained by Oceaneering of San Diego,
CA. Questions about the website can be directed to Cole Morton at cmorton2(@oceaneering.com

Figure 6: Real-time data from the Interagency Real Time Smoke Monitoring website (http://app.airsis.com/USFS/)

Results

The use of BAM particulate monitors in conjunction with the Interagency Real Time Smoke
Monitoring website was successful in providing up-to-date conditions of smoke concentrations
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and local meteorological conditions, such as wind speed and wind direction, during wildland fire
events. This has helped to assist fire managers’ ability to predict fire movement and intensity,
allowing them to more efficiently make decisions regarding when and where to focus fire
mitigation resources.

Smoke concentration data can be used to estimate long- and short-term smoke exposure to
firefighters and support personnel; real-time access to this data can help determine shift changes
or identify instances when personnel should be removed from a fire in order to prevent
respiratory health issues. In addition, smoke concentration data has aided in estimating smoke
exposure to residents in the vicinity of a wildfire or prescribed burn. In the case of a wildfire, it
may provide the evidence needed to initiate the evacuation of communities in danger. In the
case of prescribed burns, it can be used as evidence to prove that there is no smoke inhalation
danger despite unfounded complaints of nearby residents. This evidence can allow burning to
continue without the risk of lawsuits.

These systems can be deployed and operational by one person in 30 minutes or less. This allows
the monitoring system to be moved quickly as conditions change so that monitoring can be
conducted down-wind of the fire without danger of being consumed by the fire. Because they
have low power requirements, systems are easily operated with solar panels and batteries, which
optimizes their mobility and ease of setup. Monitoring is not restricted to places with line power.

The iridium satellite network allows data transmissions from anywhere on Earth in two minutes
or less with no dish or antenna alignment necessary. This system ensures reliable
communications in any location, regardless of access to cellular service, and can be set up by
personnel without any communications experience.

Discussion

Since the study was conducted, other agencies and land managers have contracted ARS to design
and construct similar systems. The National Park Service, the Bureau of Land Management, the
U.S. Fish and Wildlife Service, Environment Canada, and multiple state governments and
industrial clients have all purchased and successfully utilized similar systems.

The technology used to measure particulates continues to improve. Most recently, ARS has
developed a portable system that utilizes a DustTrak DRX which allows simultaneous
measurement of PM a1, PM19, PM respiratory, PM 2.5 and PM ;. Furthermore, the satellite
communications supporting these systems continue to advance and decrease in cost.

Website design continues to improve and can be customized to meet the needs of the user.
Website accessibility is versatile and can be made available to the public, password protected for
internal use only, or can be accessed via smart phone.
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Introduction

Fuel loading and consumption during prescribed fires are well-characterized for many pine-
dominated forests, but relationships between firing practices, consumption of specific fuel
components, and above-canopy turbulence and energy exchange have received less attention
(Ottmar et al. 2016, Clements et al. 2016). However, quantitative information on how firing
patterns and the resultant fire behavior control the consumption of surface, understory and
canopy fuels is important for “fine tuning” the effectiveness of fuel reduction treatments while
simultaneously minimizing the adverse impacts of ember transport and smoke dispersion on
local air quality. To better understand these relationships, we estimated fuel consumption using
pre- and post-burn destructive sampling to quantify surface and understory fuels and LiDAR data
to quantify canopy fuels, and measured turbulence and energy exchange from a network of
above-canopy towers using sonic anemometers and meteorological sensors during eight
prescribed fires ranging in intensity from low-intensity backing fires to high-intensity head fires
in the New Jersey Pinelands. In two stands with relatively low surface and understory fuel
loading, a backing and an attempted head fire were ignited, respectively. In the remaining six
stands with relatively high surface and understory fuel loading, three backing and three head
fires were ignited. We then explored the relationships between firing practice and the resultant
fire behavior, consumption of surface, understory and canopy fuels, and above-canopy heating
and turbulence.
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Materials and methods

Fuel loading and consumption in each stand were estimated from pre- and post-burn sampling in
1 m? plots (n = 10 to 32 per stand). Forest floor samples (L horizon only) were dried at 70 °C,
separated into 1-hr fine, 1-hr wood and 10-hr wood, and weighed. Shrubs, seedlings and
saplings < 2 m tall were separated into foliage, 1-hr stems and 10-hr stems, and dried and
weighed. Canopy fuel loading and consumption were estimated from pre- and post-burn LiDAR
acquisitions, calibrated for pitch pine canopies (Skowronski et al. 2011, Clark et al. 2013). One
to three above-canopy flux towers were located in each stand to be burned, and one to three
control towers were located in the adjacent burn block and/or in similar forests in the Pinelands.
All towers were instrumented with one to three sonic anemometers (RM Young model 81000V,
Traverse City, MI, USA) and fine wire thermocouples (Omega Engineering, Inc., Stamford, CT,
USA). Turbulent kinetic energy was calculated for 1-minute intervals, and values were not
corrected for the effects of the fire (i.e., we did not use a pre-fire or control values as 1-minute
means to calculate horizontal and vertical wind velocity deviations). Delta values between
maximum sonic temperatures and TKE values were calculated for control towers versus the
towers in burn blocks. In addition to sonic anemometers and thermocouples, control towers were
instrumented with standard meteorological sensors (air temperature, relative humidity, wind
speed and direction) 4 meters above canopy and at 2 meters within the canopy, and 10-hr fuel
moisture and temperature, soil temperature and soil heat flux sensors (Clark et al. 2012, Heilman
et al. 2015). All prescribed burns were conducted within a fairly narrow range of conditions,
with ambient air temperature between 0.9 + 0.9 and 16.7 = 1.7 °C, relative humidity between
20.2 + 1.1 and 38.6 + 3.6 %, and wind speeds between 1.5+ 0.3 and 4.3 + 0.6 m s (mean = 1
SD; Table 1).

Table 1. Forest type, surface and understory fuel loading, and consumption estimated from pre- and post-burn
sampling, meteorological conditions during the burn, and predominant fire behavior for eight prescribed burns in the
New Jersey Pinelands.

Forest type Fuels? (tons ha™!) Meteorological conditions Fire behavior
Pre-burn Consumed Air (°C) RH (%) Wind (msec)

Low fuel loading

1. Pine oak 11.0£25 5.1 58+14 21.6+22 22+03 Backing fire

2. Pine scrub oak 9.7+24 47 37+£09 202+1.1 27+04  Attempted head fire
Low intensity burns

3. Pine oak 16.1+52 80 09+09 31.1+3.0 3.0+£3.0 Backing fire

4. Pine scrub oak 214+£35 102 9.0+13 349+7.1 22404  Backing fire

5. Pine scrub oak 15758 99 72+12 343+20 43+06  Backing fire
High intensity burns

6. Pine oak 148+39 69 86+19 37.1+84 2.1+0.6  Flanking fire, torching

7. Pine scrub oak 15538 104 7.6+1.0 386+36 15+03 Head fire, torching

8. Pine scrub oak 170+3.1 11.6 16.7+1.1 33.1+45 29+04  Head fire, torching

aSum of forest floor and understory fuels loading and consumption estimated from 1 m? plots.
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Results and Discussion

Surface and understory fuel loading and consumption followed the order fine fuels on the forest
floor > understory vegetation > 1 + 10-hr wood on the forest floor in all stands. Consumption of
fine, 1 + 10-hr wood, and understory fuels were all strong functions of initial loading, with a
trend towards greater proportional consumption of understory vegetation with increasing fire
intensity (Fig. 1). Torching and significant canopy fuel consumption occurred only during the
three head fires. The strong relationship between loading of specific fuels and consumption is
similar to results obtained from a landscape-scale census of 35 prescribed burns across upland
forest types in the Pinelands which represented a wider range of initial fuel loading and
consumption estimates (Clark et al. 2015).
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Figure 1. Surface and understory fuel loading and consumption estimated from 1.0 m? plots (n=10 to 32 in each
burn) during eight prescribed burns in the New Jersey Pinelands.

10 Hz vertical wind speed, 10 Hz air temperature, and turbulent kinetic energy (TKE; m™ s2)
measured above-canopy from towers during low-intensity backing fires were enhanced up to 1.1,
4.8 and 1.1 times over values at control towers. During high-intensity fires, values were
enhanced up to 4.3, 13.8, and 5.6 times over those at control towers, respectively (Fig. 2, Table
2). Maximum values for above-canopy 10 Hz vertical wind speed, 10 Hz air temperature, and
TKE in head fires were 9.4 m s™, > 142 °C, and 9.7 m*> s>. There was a significant relationship
between peak A air temperature and peak A TKE during fires (Figure 3; > = 0.56, F17=10.0, P
< 0.05). Surprisingly, other relationships were much weaker; total fuel (surface + understory +
canopy) consumption was only weakly related to maximum A temperature above the canopy
during fires (2 =0.25, F1.7=3.4, P =NS), and the relationship between total fuel consumption
and A TKE during fires was especially weak (1> = 0.10, F17=1.8, P =NS).
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Figure 2. Above-canopy air temperature (°C) and turbulent kinetic energy (TKE; m? s'2) measured using sonic
anemometers in burned and control stands during prescribed burns in (a) a pine — oak stand with low fuel
loading burned in 2012 (stand #1 in Tables 1 and 2), and (b) a pitch pine-scrub oak stand burned in a head fire in
2014 (stand #8 in Tables 1 and 2). Sonic temperature and 3-D wind speed data were measured at 10 Hz. Sonic
temperature data were then integrated to 1-second averages, and TKE values are 1-minute averages.

Table 2. Forest type, maximum 1-second vertical wind speed (w; m s™'), maximum above-canopy 1-second sonic air
temperature (°C), and turbulent kinetic energy above the canopy in burned and control stands for eight prescribed
burns in the New Jersey Pinelands. Values are means + 1 SD. Maximum 10 Hz values are shown in parentheses.

Forest type Vertical wind speed (m s™!) Air temperature (°C) TKE (m? s?)
Control Burn Control Burn Control Burn

Low fuel loading

1. Pine oak 1.9+03 22+03(3.3) 6.5+0.1 246+ 7.4 (31.8) 327 3.7

2. Pine scrub oak 2609 3.6+0.7(59) 8.0=0.1 573+ 4.9 (67.6) 3.64 3.69
Low intensity burns

3. Pine oak 27403 3.1+03@3.7) 2.6+0.1 31.2+ 1.3 (32.3) 3.64 4.63

4. Pine scrub oak 29+03 2.7+0.6(3.8) 10.8+0.3 417+ 2.5 (44.2) 3.06 2.77

5. Pine scrub oak 32+05 41+14(58) 10.8+0.2 31.7+ 4.6 (51.5) 8.80 8.70
High intensity burns

6. Pine oak 33+03 53+15(83) 11.0£0.1 99.7+ 9.8(121.0) 3.28 7.70

7. Pine scrub oak 1.5+£0.1 6.5+23(9.4) 99402 109.6£54.7 (142.1) 1.74 9.72

8. Pine scrub oak 32+£05 54+£32(09.00 207+0.1 1223+ 53(127.3) 5.03 6.95
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Figure 3. The relationship between maximum above-canopy A temperature and maximum A turbulent kinetic
energy for the eight prescribed burns.

Our results indicate that low-intensity fires in the Pinelands can be highly effective at reducing
fine and woody fuels on the forest floor, but are less effective at reducing understory vegetation
and ladder fuels in the lower canopy. Residence time of low-intensity flame fronts on the forest
floor was a key factor in their effectiveness in consuming surface fuels. Head fires resulted in
much greater consumption of canopy fuels, but not necessarily greater consumption of surface
fuels, and enhanced turbulent transfer of smoke and embers above the canopy. In some cases,
high intensity fires are preferable for their ecological benefits, but are usually not feasible in
WUI areas where ember management and fire-line control during hazardous fuel reduction
treatments are also major objectives. These results can assist wildland fire managers assess
tradeoffs between reducing hazardous fuels and mitigating emissions when planning and
conducting prescribed fires. Our research also provides valuable information for the
development and evaluation of next-generation fire behavior and smoke emission models.

Conclusions

Consumption of forest floor and understory fuels was strongly correlated with initial loading, and
was less affected by firing practice (backing vs. head fires). Longer residence times of flame
fronts during low-intensity backing fires contributed to their effectiveness in reducing surface
and understory story fuels. Consumption of ladder and canopy fuels only occurred during high
intensity fires, but these are also associated with higher turbulence and greater potential for
smoke dispersion and ember production. Our results can assist wildland fire managers optimize
hazardous fuel reduction goals while minimizing adverse local air-quality impacts and ember
production when planning and conducting prescribed fires.
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Introduction

Fire is an important process in the forests on the North Rim of Grand Canyon National Park.
Frequent lightning and an active fire management program have led to recent fire history that is
restoring fire as a process and creating a resilient landscape. The North Rim is located on the
Kaibab Plateau, where an elevation gradient and associated moisture gradient from the canyon
rim to the top of the plateau (Halvorson 1972) result in a range of vegetation types. Ponderosa
pine (Pinus Ponderosa) dominates the majority of the forest close to the canyon rim, with mixed
conifer and spruce-fir forests occurring at higher elevations (Rasmussen 1941). Fire managers
are working hard to restore a high frequency, low severity fire regime in the Ponderosa pine
forests, by using both natural ignitions and prescribed fire. The mixed severity fires that occur at
higher elevations typically have a lower fire return interval and a mosaic of various fire
severities.
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It is easy to imagine a strong relationship between fire severity and forest structure. We
characterize forest structure as how biomass is distributed in a forest, both horizontally and
vertically. Fire consumes biomass, the amount dependent the availability. A high severity fire
will consume more biomass than a low severity fire and leave biomass in a different
configuration than a low severity fire. Of course, forest structure is not the only factor
influencing fire severity. Other factors that influence fire severity are topography, the condition
of the fuels, weather events, and management techniques. A dry period leads to fuels that are
more available, a high wind event causes different fire behavior and a burnout might temper fire
behavior. These changes in fire behavior can lead to an increase or decrease in fire severity.

For this project, we investigated the influence of fire severity, time-since-fire, topography, and
vegetation type on a resulting forest structure. We used fires that burned between 2000 and
2012. We used forest structure data derived from a 2012 lidar acquisition. Lidar has the
capability to provide data to calculate several forest structure metrics, over a large area, using a
consistent, objective methodology.

Fire managers would like fire to leave a mosaic of structure types that is resilient. This means it
can vary over time and space, but the changes fall with a natural range of variability. The
increase in size and number of patches that burned with a high severity is of particular concern to
fire managers. High severity patches have increased in size and number (Hoff et al 2014), but
only comprise less than 10% of the landscape. Comparing multiple entry high severity patches
based on forest structure will help increase the understanding of how patches increase in size.

The goal of this project is to learn more about the role fire severity plays in the mosaic of forest
structure found on the North Rim of Grand Canyon National Park.

Methods

Fire and GIS staff from Grand Canyon National Park provided the fire severity data with
perimeters and differenced normalized burn ratio (ANBR) values for fires that burned since 2000.
They also provided vegetation data including lifeforms, alliances, and associations, based on
2012 data. The aerial lidar data for the Kaibab Plateau was collected between August 25 and
September 5, 2012. The lidar data has a nominal pulse density of 10 pulses/m?, a greater than 50
percent side lap, and a scan angle within 14° of nadir.

We started with a data driven approach, where we only investigated the role of fire severity on
lidar derived forest structure data. We then added vegetation data and time-since-fire data.

We processed the lidar point cloud using LAStools (Isenburg, 2011) to derive multiple canopy
metric rasters at 20m cell size. Cliff areas around the rim of the canyon with drastic topography
changes resulted in height artifacts, which we masked out of the final rasters. Further
geoprocessing utilized ArcGIS 10.3 (ESRI, 2016). The lidar-derived metrics used in this study
were elevation, slope, aspect, mean height of canopy, maximum height of canopy, canopy cover,
canopy base height, standard deviation of canopy height, and surface roughness.

We classified points initially as either bare earth points or canopy points, with the canopy points’
heights normalized to height above ground. Elevation data were rasterized into a digital
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elevation model (DEM) from points classified as bare earth in the ground/canopy separation
algorithm in LASTools. Elevations of the North Rim, minus the cliff edges ranged from 2178-
2797m MSL. We calculated slope and aspect using the DEM, with slope as percent (range of 0-
333%) and aspect denoted as a compass direction (0-360°), with the Spatial Analyst extension in
ArcGIS. Mean height of canopy included all canopy points from above ground to the highest
canopy point for each 20m pixel. Maximum height represents the highest point value for each
20m cell. We calculated canopy cover in LASTools as the number of canopy first returns divided
by the number of all first returns. Canopy base height is defined here as the mean height minus
one standard deviation of canopy points. Standard deviation of canopy height is calculated both
from the ground and using only points above the fuel bed (>1.5m). Surface roughness is the
standard deviation of canopy points within the surface fuel bed (<1.5m) and gives insight into the
presence or lack of objects underneath the canopy. Surface roughness for the acquisition area
ranged from 0-1.35m.

Secondary processing of canopy cover and standard deviation of height provided the structure
classes. We developed structure classes for the North Rim of the Grand Canyon using methods
after Rowell et al. 2006. Classes were defined using thresholds for canopy cover (<35%, 35-
65%, and >65%) and breaks between standard deviation of the lidar canopy height model (STD
<4.5 and >4.5). This method yielded six structure classes representative of the overstory canopy.
Canopy cover characterizes the distribution of the canopy horizontally; standard deviation
depicts distribution of the canopy vertically. The resulting six classes depict the landscape as
either 1) Open/Even-age, 2) Open/Multi-strata, 3) Semi-closed/Even-age, 4) Semi-closed/Multi-
strata, 5) Closed/Even-age, 6) Closed/Multi-strata.

Fire as a process is dependent on the availability of surface and ladder fuels that drive the
flaming front across a landscape. Therefore, additional segmentation of the landscape was
required to incorporate the influence of surface fuels. Using the surface roughness technique
(Seielstad and Queen 2003), we define three surface roughness classes (<0.25, 0.25-0.5, and
>(.5) which are representative of low grassy fuels, moderate height fuels with intermixed shrub
and conifer regeneration, and tall shrubs and conifer regeneration. The combination of these
metrics produced eighteen structure classes that are representative of the gradient of expected
structure ranging from Ponderosa pine to mixed conifer landscapes.

Using the structure classification as a zonal mask, we conducted zonal statistics for INBR and
mean height on eight fires that occurred on the North Rim of GRCA over a period of nine years
using spatial analyst in ArcGIS. Two fires, Outlet (2000) and Poplar (2004), which have a high
proportion of high severity, burned through mixed conifer stands and the other seven fires are
amalgamations of wildland, wildland fire use, and prescribed fire concentrated on the ponderosa
pine dominated peninsulas that dominate lower elevations of the North Rim.

We used Random Forests (Breiman, 2001) to see how fire severity influenced the different
structure variables. We used a Gini index to rank the influence of severity on each variable. We
then plotted partial dependence plots for each variable to see the influence of severity
independent from other variables.
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Results

After analyzing each fire individually, we found that the area of forest covered by each
individual fire has different metrics that are most influenced with a change in fire severity. As
expected, spatial variables, such coordinates and elevation, are more important when splitting the
results per fire. When we looked at the aggregate of all fire occurrences on the North Rim, the
structure class, mean height and lifeform are the top three variables that explain differences in
previous fire severity. The structure classes (Figure 1) that incorporate canopy cover, standard
deviation and surface roughness performed better than any other variable. Yet each of these three
variables did not perform very well when assessed individually. Partial dependence plots show
influence of fire severity on a particular variable. The plot for the 18 structure classes shows
classes with a larger shrub and regeneration component are more likely to occur after higher fire
severity. Fire severity also influences the occurrence of vegetation lifeforms, with the deciduous
shrub class increasing in area following high fire severity. A higher surface roughness follows
higher fire severity. The lowest mean height and the lowest crown base height follow higher fire
severity. The standard deviation of the height in the structure classes decreases following higher
fire severity. The amount of high fire severity also increases with increase in elevation, which
coincides with a change in vegetation types. Some spatial autocorrelation was expected and
spatial variables can help explain the relationship between fire severity and the structure that
follows. Because both forest structure and fire severity occur in spatial groups or patches, the
coordinates and elevation values are usually more alike within fires than between fires.

The structure classification suggests that 67% of the landscape of the North Rim is in some state
of dense even-aged or multi-stage forest. The predominance of multi-stage and high regeneration
conditions appears to reside in higher elevation mixed-conifer stands. Dense multi-stage with
little regeneration occurs on the peninsulas and lower plateau regions where fire occurs
frequently. Dense and moderate even-aged stands with moderate and high regeneration are
generally products of high severity fire, though they also potentially contain large areas of
deciduous unburned forests, e.g. Aspen, as elevation increases.

On a per fire basis, fires along the peninsulas of the North Rim of the GRCA have mean dNBR
values for each structure class that are consistent between fires. The highest variability dNBR 1is
associated with structure classes that typically have had some portion of overstory removal from
high severity fire. In cases where the overstory has been retained, there are generally lower
dNBR values that are best exemplified by structure classes where there is moderate to high
canopy closure and low stature surface fuels. For large high severity fires that sometimes result
in a type conversion from mix conifer to shrubby fuels there is a clear trajectory of high ANBR
values for the structure classes representing low shrubby and moderate regeneration structure.
For both the Poplar and Outlet fires, these conditions represent a departure from expected normal
behavior, in the lower elevation areas. Regression analysis between mean height and dNBR as a
function of structure class demonstrates a moderate relationship (r* = 0.50) that in large high
severity burns there is a wholesale reduction of canopy height for the Poplar and Outlet fires.
For all other fires there is no correlation between canopy height and dNBR as these fires are
generally involving surface fuels with marginal group torching and some small patches of high
severity that represent small fractions of structure classes.
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Figure 1: The spatial distribution of the structure classes as defined using canopy cover, standard deviation of the height and
surface roughness. Note the structure classes in the 310 range (shades of pink) following high severity fire.

Discussion

Fire severity does have an effect on forest structure. A higher severity has a larger effect, but
occurs only in a relatively small area on the North Rim. The structure classes that have higher
vertical variability are more likely to follow a higher fire severity than other structure classes.
This occurs more frequently in the mixed conifer forest and is less likely to happen in the more
open Pondarosa pine forest on the lower elevation peninsulas. The repeated low intensity fires
have created a structure that does not change much after each fire. Areas with a mean height of
the canopy of less than 7m are likely to have experienced a high severity fire, where brush has
become the dominant vegetation. A highly developed and parameterized variable, the 18-bin
structure class, performed better than the next best variable; mean height. This shows that fire
severity and forest structure have a complex relationship, with several structure variables
changing based on fire severity. However, fire severity has a strong influence on this one simple
metric, mean height. The low mean height following high severity fire, and the lack of change in
mean height following low severity fire can aid in a quick assessment of forest structure without
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looking into vertical and horizontal heterogeneity. This does reduce the effect of fire severity on
forest structure to a binary effect; high severity often leaves a low canopy height and low
severity does not affect canopy height. Low severity does affect surface roughness and canopy
base height.

Our research has shown the influence of fire severity on forest structure, per the metrics that we
defined. Future research will include a longer fire history to explore the influence of time-since-
fire and the influence of multiple severities in-depth. Only a relatively small area of the North
Rim has burned since the lidar acquisition. Fire severity influences forest structure and vice-
versa, a future lidar acquisition will provide the opportunity to test predictions for the influence
of forest structure on fire severity.
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Introduction

Scenic amenities near forested landscape represent an environmental amenity accruing to
nearby landowners which competes with the dis-amenity of possibly damaging wildfire. This
research seeks to determine how the implied value of aesthetic amenities compare to the dis-
amenity of wildfire risk factors in Boulder County, Colorado. This can be accomplished by careful
examination of the implicit relationship between nearby forest attributes and observed willingness-
to-pay for residential land in a wildland-urban interface/intermix (WUI). A spatially weighted
hedonic property model is used to glean insight into the preferences homebuyers have for (a)
wildland-urban areas with moderate to high levels of vegetation density in their neighborhood and
(b) a property’s exposure to recent wildfire activity.

Hedonic modeling in the WUI

Several studies have previously analyzed the risk preferences of residential landowners in
fire-prone communities using hedonic property models. In a case study analysis in Los Alomos,
New Mexico, Loomis (2004) found that residential landowners rationally update their perception
of a property’s risk following wildfire events. Kim and Wells (2005) are the first to specifically
estimate the implied value of medium forest canopy closure in a hedonic property study of
residential transactions in Flagstaff, Arizona. Their results suggest that medium levels of
vegetation in a community jointly benefit landowners through aesthetic values and reductions in
wildfire risk compared to levels of high vegetation density. Donovan et al. (2007) use spatially
weighted hedonic property models to determine if residential landowners capitalize wildfire risk
information into land prices across a WUI region in Colorado Springs, Colorado. Their models
find that the availability of risk maps have a significant impact on residential land prices in the
community. Specifically, residential landowners in the WUI update their perceptions of risk in
light of this new information by subsequently placing a lower premium on homes with hazardous
building material and a higher premium on homes with more fire-resistant characteristics.

Comparing the aesthetic amenity from the dis-amenity of wildfire risk factors in a hedonic model

The research presented here builds on the work of Huggett et al. (2008) who use a least
squares model for Chelan County, Washington to obtain separate estimators for both the marginal
value of aesthetic amenities in the WUI and the negative impact of wildfire risk factors. They note
the importance of not using a single neighborhood variable to estimate the negative amenity of
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wildfires because the proximity to elevated fire activity and risk factors is correlated with desirable
scenic amenities in the WUL Failure to include a separate estimator for aesthetic amenities may
skew conclusions regarding homeowner perception of wildfire risk factors.

This research extends the analysis to a case study in Boulder County, Colorado and presents
a spatially weighted model to compare the marginal impacts of scenic vegetation in the WUI and
less nearby fire activity on percentage changes in sales prices. A spatially weighted hedonic model
is used here to correct for biased and inefficient estimators that typically accompany a spatial
dataset under four alternative definitions of nearest neighbors. The applied hedonic model that
follows uses a cross-sectional term to capture the added aesthetic value of homes in communities
with varying levels of neighborhood vegetation and housing density. Specifically, this study
compares the relative changes in values for residential land in interface and intermix development
regions. The model also attempts to separately capture the negative change in value from exposure
to wildfire risk factors by including the impact of recent wildfire activity in the proximity around
each residential land transaction.

Materials

Geo-coded data on residential housing transactions are available from the Boulder County
assessor’s office. These data contain structural attributes of each property sold between 2008 and
2014. Sales prices are deflated using the mean home price index for Boulder County in the year
2010. Point data on wildfire activity are available through the U.S. Geological Survey
(wildfire.cr.usgs.gov/firehistory/about.html). Centroids from all wildfire activity occurring within
1.75 miles in the five years prior to each transaction are counted and joined to the housing
transaction data.

The spatial classification of the WUI and vegetation characteristics are collected by the
SILVIS Lab at the University of Wisconsin (silvis.forest.wisc.edu/maps/wui). All parcels in
Boulder County are divided into areas of non-WUI development, ‘interface’ development, or
‘intermix’ development (Radeloff et al., 2005). These vegetation characteristics and housing
density information from the U.S. census are used in the model to capture preferences for open
space and scenic amenities in the hedonic model.

All environmental characteristics are joined and merged with the geo-coded transaction
data in ArcMap 10.3.1. Spatially weighted regression models are fit using the ‘spdep’ package in
the R statistical programming language (Bivand et al., 2013; Bivand and Piras, 2015). A sample
of the population data frame is needed to estimate spatial models with the available computing
power. Summary statistics for the sample of 5000 transactions in Boulder County from 2008-2014
are given in Table 1.
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Table 1 — Summary Statistics on sample of housing transactions (2008-2014)

Mean Median St. Dev. N
Inflation $199,280 $159,141 158384.7 5000
adjusted Sales
Price
Age of the 30.24 years 27.00 years 21.7475 5000
structure
Total Finished 1663 sq. ft. 1453 sq. ft. 805.9997 5000
Square Footage
of the property
Number of 3.173 3.0000 1.1054 5000
Bedrooms
Number of 2.642 3.000 1.0839 5000
Bathrooms
Housing Density | 1253.297 houses | 937.634 houses 1204.176 5000
of neighborhood per sq. km per sq. km
Count of Recent | 0.1212 wildfires | 0.0000 wildfires 0.8337 5000
Wildfire
Activity
Within 1.75
miles
Number of non-WUI Transactions: 2936
Number of Interface Transactions: 1753
Number of Intermix Transactions: 311
Methods

Failure to account for a spatial lag structure of the dependent variable could yield inefficient
estimates of marginal impacts in a least squares regression (LeSage and Pace, 2009). Biased
parameters may also arise from the omission of important neighborhood variables, but could also
arise from the exclusion of positive externalities like the positive impacts of desirable
characteristics of neighboring properties on any given property (LeSage and Pace, 2009). These
two issues drive the motivation for a spatial Durbin model.

An application of a semi-log spatial Durbin model is used to estimate the hedonic price
function:

InP;; = pWIn P, + X + WXy + ¢

The dependent variable (In P;;) represents the natural log of sales price at each location i in year
t. W represents an NxN row-standardized weights matrix. Specifications are tested using 5, 10,
15, and 20 nearest neighbors to check for differing results under alternative definitions of
neighbors to each observation. Use of the spatial Durbin specification allows for a spatial
autoregressive term (p) to capture the spatial dependency of the dependent variable. This allows
the model to capture the impact of nearby sales prices on the impact of any one sales price. The
model also addresses any concern over biased estimators as a lag term on the independent variables
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(y) corrects any spatial dependence of model errors. A spatial lag of independent variables allows
the structural and environmental characteristics of neighboring observations to influence the sales
price for observation i.  represents a Kx1 vector of population parameters describing the direct
impacts of a property’s characteristics for which the applied model will obtain estimates. The NxK
design matrix, X, contains the structural and neighborhood characteristics that are suspected to
have an influence on sales prices. In this case, the independent variables are: age of the home, total
finished square footage, number of bedrooms, number of bathrooms, housing density of the
neighborhood, a cross-sectional term describing the vegetation density of the neighborhood, a
trend variable (year), and the number of centroids from wildfire footprints that fall within 1.75
miles of a property 5 years prior to its transaction date.

Results

A common factor hypothesis test is conducted to determine if the estimated Spatial Durbin
model with the lagged dependent and independent variables represents a significant improvement
over a model which only captures the spatial error structure. Results of the Liklihood ratio tests
and Wald tests indicate a Durbin specification better describes the data over a spatial error model
and yields different estimates of impacts on land prices. Using alternative definitions of neighbors
in the weights matrix (W) only slightly changes the parameter estimates. Estimates of impact on
changes in sales price differ from those obtained using a least squares regression, but not drastically
different from those obtained from spatial error models which do not capture the spatial
dependency of the dependent variable. The spatial autoregressive parameter on the dependent
variable (p) and several of the average lagged impacts of the independent variables are statistically
significant in the Durbin model. This implies that the spatially lagged parameters on the dependent
and independent variables significantly improve the model fit. The Durbin model removes spatial
dependencies which create inefficient estimates of marginal effects. Indirect impacts of the model
are the average of impacts of the characteristics of nearest neighbors. Total impacts and fit statistics
of the Durbin models under alternative definitions of neighboring observations are summarized in
Table 2. Total impact estimates yield that a residential property experiencing a wildfire within 1.75
miles of a residential property in the five years prior to it’s sales date sold for 1 to 1.75 percent
less, on average. This impact, however, is insignificant in most specifications that were tested and
insignificant in all specifications reported here. Estimates also indicate that direct impacts of living
in a neighborhood with greater housing density are negative, while higher housing density of one’s
neighbors has a positive impact on emerging transactions prices. The total impact of housing
density is negative and statistically significant. There appears to be an added premium placed on
properties in the wildland-urban ‘interface’ relative to properties in the wildland-urban ‘intermix’,
but these impacts are insignificant in most specifications. The model yields several interesting
results regarding the comparison between desirable and undesirable amenities. For example, every
10 additional houses per square kilometer in a property’s census tract will cancel out the percentage
increase in sales price from an additional square foot. Depending on the preferred definition of
nearest neighbors, it can also be calculated that approximately every 9 recent wildfires within 1.75
miles cancels out the percentage increase from living in the wildland-urban interface. Table 2
summarizes the model results.
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Table 2 — Model Results

N =5000 Total impacts = Total impacts = Total impacts = | Total impacts =
Direct impacts + Direct impacts + | Direct impacts + | Direct impacts +
Dependent | Indirect impacts of 5 | Indirect impacts | Indirect impacts | Indirect impacts
variable: nearest-neighbors’ of 10 nearest- of 15 nearest- of 20 nearest-
In(SalesPrice) characteristics neighbors’ neighbors’ neighbors’
characteristics characteristics characteristics
(intercept) -15.279 -18.06 -27.37 21.11
(8.9750) (11.6720) (14.0760) (16.01)
Age of the 0.00049 +0.0017* -0.0004 + 0.0018* | 0.0003 +0.0019* | 0.0003 +0.0018*
home (0.0003) (0.0004) | (0.0003) (0.0004) | (0.0003) (0.0004) | (0.0003) (0.0005)
Total Finished | 0.00024* —0.0001* 0.0003* —0.0002* | 0.0003* —0.0002 | 0.0003* —0.0002
Square (<0.00001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
Footage (<0.0001) (<0.0001) (<0.0001)
Number of 0.0510* — 0.0577* 0.0600* —0.0831* | 0.0602* —0.0920* | 0.0613* —0.0934
Bedrooms (0.0057) (0.0097) | (0.0056) (0.0118) | (0.0057) (0.0133) | (0.0057) (0.0144)
Number of 0.0851* —0.0152 0.0808* —0.0145 0.0818* —0.0153 | 0.0838* —0.0141
Bathrooms (0.0067) (0.0117) | (0.0066) (0.0142) | (0.0066) (0.0170) | (0.0067) (0.0177)
Wildfire 0.0003 —0.0177 -0.0031 -0.0144 0.0047 —0.0147 0.0052 - 0.0141
Count (0.0078) (0.0088) | (0.0076) (0.0091) | (0.0075)(0.0090) | (0.0074) (0.0090)
Housing -0.00007* + 0.00005* -0.00009* + -0.00009* + -0.00009* +
Density of the | (<0.0000) (<0.0000) 0.00008* 0.00008* 0.00008
neighborhood (<0.0001) (<0.0001) (<0.0001)
(<0.0001) (<0.0001) (<0.0001)
Interface 0.0277 +0.1327* 0.0598 + 0.0578 0.0416 +0.0619 0.0189 +0.0750*
Dummy (0.0403) (0.0414) | (0.0369) (0.0385) | (0.0075)(0.0435) | (0.0337) (0.0362)
Intermix 0.0391 +0.0768 0.0573 + 0.0004 0.0311 +0.0011 0.0073 +0.0070
Dummy (0.0392) (0.0439) | (0.0366) (0.0429) | (0.0356) (0.0435) | (0.0350) (0.0460)
Year of 0.0199* —0.0143 0.0200* — 0.0090 0.0200* —0.0052 | 0.0203* —0.0088
Transaction (0.0019) (0.0042) | (0.0019) (0.0056) | (0.0020) (0.0068) | (0.00219) (0.0078)
p: 0.6446%* 0.7324%* 0.7707* 0.7934%*
Log-
Liklihood: -878.1291 -777.5930 -770.2087 -791.8037
Note: Standard Errors for estimated parameters are given in parenthesis and “*” indicates

Discussion

significance at the 0.05 level

This method for capturing landowner perceptions of fire risk counted nearby wildfire
activity within 1.75 miles of each residential property sold within the sample to estimate the
negative total impact of recent fire activity on percentage changes in sales prices. The negative
total impacts of this wildfire risk factor indicates that homeowners experience a loss from both
their own proximity to recent fires and their neighbor’s exposure to recent fires. However these
impacts are insignificant, which indicate that homeowners may not take this risk factor into
account when purchasing residential properties. This could be due to the long-run nature of the
chosen risk factor which yields a much smaller percentage decrease in subsequent sales prices than
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what is found in prior research. Incorporating only more recent wildfires may change the
significance of the parameters of wildfire count. It may also be more insightful to isolate the impact
of wildfire risk factor’s only on homes in the WUI, rather than on homes in both WUI and non-
WUI areas. The model considers the value of open space amenities through both the housing
density of the neighborhood and the level of vegetation density in a neighborhood and found that
interface properties are worth more on average than intermix properties (medium density of
vegetation). These results are consistent with prior case studies which find that recent wildfires
have a negative impact on land prices and that homeowners prefer medium levels of vegetation
density over higher levels of vegetation density in their neighborhood.

Acknowledgements
The authors would like to thank Dr. Jordan Suter for providing helpful comments and
feedback. Any mistakes herein are those of the corresponding author.

References
Bivand R, Piras G (2015) Comparing Implementations of Estimation Methods for Spatial
Econometrics. Journal of Statistical Sofiware 63(18), 1-36.

Bivand R, Hauke J, Kossowski T (2013) Computing the Jacbobian in Gaussian spatial
autoregressive models: An illustrated comparison of available methods. Geographical Analysis

45(2), 150-179.

Donovan G, Champ P, Butry D (2007) Wildfire Risk and Housing Prices: A Case Study from
Colorado Springs. Land Economics 83(2), 217-233.

Huggett RJ, Murphy EA, Holmes TP (2008) Forest disturbance impacts on residential property
values. In ‘The Economics of Forest Disturbances: Wildfires Storms, and Invasive Species’. (Eds.

TP Holmes, JP Prestemon, KL Abt) pp. 209-228. (Springer: The Netherlands)

Kim Y-S, Wells A (2005) The Impact of Forest Density on Property Values. Journal of Forestry
103(3), 146-151.

LeSage J, Pace RK (2009) ‘Introduction to Spatial Econometrics.” (CRC Press: Boca Raton, FL)

Loomis J (2004) Do nearby forest fires cause a reduction in residential property values? Journal
of Forest Economics 10, 149-157.

Radeloff VC, Hammer RB, Stewart SI, Fried JS, Holcomb SS, McKeefrey, JF (2005) The
Wildland Urban Interface in the United States. Ecological Applications 15, 799-805.

161



Surface Fuel Changes after Severe Disturbances in Northern Rocky Mountain Ecosystems

Christine Stalling*1%
Robert E. Keane 2
Molly Retzlaff 34

AUSDA Forest Service, Rocky Mountain Research Station, Missoula Fire Sciences Laboratory,
5775 Hwy 10 West, Missoula, MT 59808, Phone: (406) 829-7386, FAX: 406-329-4877, Email:
cstalling@fs.fed.us

Abstract:

It is generally assumed that insect and disease epidemics, such as those caused by the mountain
pine beetle, predispose damaged forests to high fire danger by creating highly flammable fuel
conditions. While this may certainly be true in some forests, these dangerous fuel conditions
may only occur for a short time when evaluated at a landscape level. This study evaluates the
effect that exogenous disturbance events, namely fire and beetles, have on future fire hazard.
We measured surface fuel deposition rates several forest types after stand-replacement wildfire
beetle outbreaks to quantitatively describe fuel dynamics in heavy mortality stands for up to 10
years post disturbance. Fuel deposition was measured using semi-annual collections of fallen
biomass. This litterfall was collected using a network of seven, one meter square litter traps
installed on sites located across the northern Rocky Mountains USA. We also measured stand
and surface fuel characteristics of the plot using FIREMON techniques at the beginning, and
yearly until the study’s end. Results indicate that after the initial pulse of needlefall 2-3 years
after disturbance, few fine woody fuels are actually deposited over the next 10 years.

Additional Keywords: Fire, fuels, litter, litterfall, fuel deposition, fuel accumulation
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Introduction

Conventional wisdom in fire management holds that stands with trees that are killed by insects,
disease, or fire have high fire hazard because the dead foliage and fine woody material is highly
flammable while in the canopy (Axelson ef al., 2009; Hicke et al., 2012) and then, when this
material falls to the ground, it creates heavy fuel loads that may result in faster fire spread and
greater intensities (Gara et al., 1984; Jenkins et al, 2015). There is no doubt that the dying and
dead needles are more flammable than green needles because of lower moistures and higher
flammability (Jolly et al., 2012), but these needles may remain in the canopy for a short time. Of
more importance may be how fast the dead canopy material accumulates on the forest floor to
increase fuel loadings and hazard. The dead fine woody material may fall quickly to the ground
and create surface fuel conditions that could foster wildfires of high intensity and severity. This
study evaluated through annual field collections, the effect that exogenous disturbance events,
namely fire and beetles, have on future fuel conditions.

Materials and Methods
Study Sites

We selected fifteen sites in Montana and Idaho that were on flat ground, near a road, and had the
potential for high tree mortality from a disturbance. Needles had to be present on the killed trees.
We attempted to target only stands that had greater than 70% mortality from the disturbance, but
it was difficult to evaluate future mortality at the inception of an outbreak, therefore, some
selected stands had less than 70% mortality at study initiation. After an exhaustive GIS analysis
and numerous reconnaissance trips, we established at least three sites of different forest types
after major mortality events from three different disturbance agents: wildfire, Douglas-fir beetle,
and mountain pine beetle outbreaks (Table 1). We wanted to select sites in just one forest type
but that was nearly impossible under our site selection and disturbance selection criteria.

163



Table 1. List of all 15 study sites. Three stand-replacement disturbances are represented in this study: wildfire,
Douglas-fir beetle, and mountain pine beetle. Sampling period ranged from year established to 2015.

Site Name Acronym | Overstory Forest Type Elevation Year
Mortality (%) (m) Established
Wildfire

Jocko Lake JL2 100 Mixed larch, Douglas- 1426 2008
fir, lodgepole pine

Marias Pass MP1 100 lodgepole pine 1715 2007

Merriwether 1 MW1 25 ponderosa pine 1231 2007
(thinning unit)

Merriwether 2 MW2 98 ponderosa pine 1200 2008

Douglas-fir Beetle

Morgan Creek MC1 50 Douglas-fir 2179 2009

Lost Trail LT1 90 Douglas-fir 1882 2007

Flesher Pass FP1 90 Douglas-fir 1839 2009

Mountain Pine Beetle

Galena Summit GS1 100 whitebark pine 2737 2007

Bull Run BR1 98 ponderosa pine 1429 2010

Red River 5 RR5 100 lodgepole 1653 2001
pine/subalpine fir

Red River 6 RR6 100 lodgepole 1670 2001
pine/subalpine fir

Red River 7 RR7 100 Mixed lodgepole pine, 1328 2001
spruce

Homestake Pass = HP1 70 lodgepole pine 1938 2007

Twin Peaks 1 TP1 80 whitebark pine 2828 2009

Twin Peaks 2 TP2 70 whitebark pine 2679 2009

Field Methods

We measured surface fuel deposition and decomposition rates for a number of forest types after
severe wildfire, Douglas-fir beetle, and mountain pine beetle events to quantitatively describe
fuel dynamics for up to 10 years after the disturbance. Fuel deposition was measured using
semi-annual collections of fallen biomass sorted into six fuel components (fallen foliage, twigs,
branches, large branches, logs, and all other material) from a network of seven, one meter square
litter traps installed on all plots. We took a monitoring approach to describing fuel dynamics
after severe disturbances on the 15 selected sites. Fuel accumulation was documented from
annual fuel loading measurements at each site. Fuel deposition was measured from litter that fell
into wooden traps and were collected twice a year. We measured loadings of all fine woody,
shrub, and herbs using the visual Photoload estimation method (Keane and Dickinson, 2007)

(Figure 1).
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Figure 1. Plot Layout

Analysis

We performed an analysis of variance for litterfall across all fuel components on each plot to
determine if we had statistically significant changes by year. We summarized fuel loadings and
deposition rates by fuel component for each plot to create an annual time series of box-whisker
plots (Sokal and Rohlf, 1981) to display temporal changes, and then pooled these data to create a
time series by disturbance agent. For the loading time series, we calculated the trend
(increasing, decreasing, same) and rate of fuel accumulation over the sampling time by plot and
then summarized to disturbance agent. For the litterfall analysis, we visually estimated three
parameters from each plot: (1) number of years it took for dead foliage to fall to ground, (2)
number of years it took before substantial amounts of FWD to fall to the ground, and (3) number
of years in which CWD was detected. We then summarized these statistics by disturbance agent.

Results & Discussion

Analysis of box-whisker plots of measured litterfall indicate that deposition of foliage across all
15 study sites occurred during the first 1-4 years post-disturbance, independent of site location or
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forest type. When site data was pooled by disturbance type these trends were repeated across all
sites, foliage deposition took place within 1-4 years of disturbance regardless of disturbance
type. Initial analysis of the fuel loading time series showed mostly constant, unchanging fine and
coarse woody debris levels across nearly all study sites. A minor increase in coarse woody
debris was noted on the Red River site but it is likely negligible. Fallen snags were rare on all of
the study sites during the entirety of the study and did not contribute to overall fuel deposition.
Preliminary analysis of litterfall rates and loading following stand-replacement disturbance on
Northern Rocky Mountain ecosystems indicate there is little change to surface fuels regardless of
forest or disturbance type. While the majority of foliage tends to fall within the first 1-4 years
following disturbances on all sites, generally we do not see any substantial increases or decreases
to surface fuels over the long term. Generally, there was little fuel accumulation during the first 5
years after severe disturbances.
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Introduction

Context and Purpose

This extended abstract summarizes six interrelated presentations organized together under a
special session on wildland fire management in the U.S. The objective of the special session is to
synthesize recent and ongoing research focused on quantifying and improving the efficiency of
incident response, with a focus on the rare but large fires that typically account for the majority
of socioeconomic and ecological impacts. This body of work embraces a primary focal area of
the National Cohesive Wildland Fire Management Strategy — safe and effective wildfire response
— and 1s premised on the idea that how fires are managed, not just how landscapes are managed
before and after fires occur, is a key determinant of long-term landscape resiliency (Thompson et
al. 2015).

In recent decades, the risks and complexities of the U.S. wildland fire management environment
have increased dramatically, driving increased losses and elevated response costs (Calkin et al.
2015). A multitude of factors are likely responsible, including historical forest and fire
management practices resulting in increased forest density and fuel loads, climatic changes
resulting in warmer, drier, and longer fire seasons, and significant expansion of the wildland
urban interface resulting in increased exposure of communities and homes. It is becoming
increasingly apparent that a business-as-usual approach to fire management is unsustainable
(Olsen et al. 2015). Suggested alternative management paradigms identify a need to learn to live
with fire, and deemphasize fire exclusion while promoting expanded application of prescribed
and managed natural fire (Moritz et al. 2014; North et al. 2015).
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While the need to transition to a new fire management paradigm is well-recognized, significant
knowledge gaps constrain our ability to clearly and comprehensively describe how changes in
the way agencies plan for and respond to fires may lead to improved outcomes. Hence a need to
better monitor fire management actions and outcomes, to better model and evaluate alternative
management strategies, and to ensure agencies are accountable for acquiring and basing
decisions on best-available information. These three concepts — monitoring, modeling, and
accountability — are essential elements of risk analysis and management, and are the primary
topics of our special session and of this extended abstract.

Organization

The remainder of this extended abstract is organized into three sections that tie back to our main
concepts. Each section contains simply the title, lead author, and abstract for all individual
presentations. Monitoring is the first topic we address, as a critical element for performance
measurement and program review, as well as for ensuring models are accurately parameterized
and calibrated. Both presentations in this section focus on aerial firefighting, which is dangerous
and costly, and which remains the subject of analysis and deliberation regarding fleet
modernization strategies. We next turn to modeling, presenting descriptive as well as prescriptive
approaches that focus on the ordering, use, and movement of ground and aerial firefighting
resources. Models such as those presented are critical for helping managers better evaluate
alternative management strategies across a range of decision contexts. Lastly, we briefly review
the notion of accountability, how it relates to monitoring and modeling efforts, and how it relates
to risk management principles. While by no means exhaustive, we note that the topics discussed
here are representative of the breadth and depth of analyses necessary to improve fire
management efficiency.

Monitoring

Large airtankers in US fire management: describing historical use and discussing implications
related to efficiency
Crystal Stonesifer

Airtankers are widely used in suppression of wildfires in the United States. While Federal
guidance suggests that they are best reserved for initial attack (IA) of new wildfire ignitions, our
past work analyzing drop records from 2010-2012 has shown that the Federal large airtanker
(LAT) fleet was used in IA approximately half of the time. Further, nearly three-quarters of IA
drops were on fires that escaped containment efforts during the first operational period,
suggesting that LATs are used on fires that are inherently difficult to contain, and that there are
often potential objectives at play beyond basic incident containment (e.g., point protection).
Additionally, our analysis demonstrated frequent LAT use in conditions where their
effectiveness may be limited by a combination of environmental factors conducive to extreme
fire behavior (e.g., late afternoon, steep slopes, timber fuel models). These patterns
demonstrating widespread use under conditions when all suppression resources are known to be
less effective suggest that LATs may be viewed as a resource of last resort. Here, we briefly
summarize our previous findings, and then discuss the implications of utilizing LATs under fire
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conditions when all else fails. We present ideas for an alternative system that emphasizes
targeted use of LATs under conditions where they are known to be most effective through
thoughtful preplanning, efficient deployment, and utilization of the best available fire activity
and behavior forecast tools. The Aerial Firefighting Use and Effectiveness (AFUE) study
currently underway will provide valuable additional information regarding environmental
conditions of use, drop intent as it relates to the larger strategic fire suppression plan, and
associated outcomes, which will greatly enhance our ability to improve the efficient use of the
federal LAT fleet in the future.

Meaningful translation of aerial firefighting objectives, context and outcomes into effectiveness
across the range of fire sizes for the Aerial Firefighting Use and Effectiveness Study
Keith Stockmann

A 2013 Government Accountability Office (GAO 2013) report critiqued interagency inability to
characterize use, effectiveness and needs for aerial assets in wildfire suppression, which justified
a long-term study to improve our understanding of the role and contribution of planes and
helicopters in firefighting efforts. The current project takes a leap of complexity past previous
investigations by designing a study that untangles the wide range of aircraft uses, focusing on
expensive aircraft delivering suppressants and retardant to assist fire managers. The Forest
Service’s Technology and Development Centers are working with partners in fire and aviation
management, USFS Research, National Interagency Fire Center information technology and the
BLM. The AFUE Study has four operational modules across the western US, each with three
experienced firefighters, a field coordinator, a data manager and an analyst. Collectively they
developed an ESRI Collector instrument that classifies use into one of various objectives,
captures drop tactics, plans, terrain, weather, and complementary resource availability/actions
and also assesses outcomes at multiple scales. After refining this approach for several seasons
and observing thousands of drops, it is time to translate the combinations of objectives and
outcomes into a meaningful assessment of effectiveness. This is an inside look at the mechanics
of this translation, anchored in firefighter perspective, but flexible enough to scale across the
range of fire sizes and supported with limited quantitative analysis of fire growth and retardant
survival modeling. This translation of outcomes to effectiveness is a key step towards
classification and regression tree diagnosis of factors explaining success and future cost
effectiveness analyses, both of which should lead to more informed and efficient use of aircraft
in wildfire suppression.

Modeling

Firefighting Resource Use and Movement in the United States
Erin Belval

Examining the efficiency and effectiveness of wildland firefighting resource use is becoming
increasingly crucial in light of rising suppression expenditures; however, there has been little
research to date that has been designed to understand and quantify the patterns of resource
ordering and movement in the US. Archived records from the Resource Ordering and Status
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System (ROSS) provide data that support the task of quantifying national fire suppression
resource use for large fire suppression. An initial analysis of ROSS data compares team
assignments recorded in ROSS to the team type recorded in the set of incident status summary
reports; this analysis found differences between the two sets of data and indicates that additional
efforts may be needed to more accurately track team use. We also used ROSS data to study
suppression resource utilization and resource movements between geographic regions during fire
seasons. These analyses used linear regression techniques to examine crew, engine, dozer, and
helicopter utilization on large fires. The results indicate significant variation in resource
assignment frequency and assignment length on large fires based upon fire complexity and the
region of fire occurrence. Additional multinomial regression analyses are used to model crews
responding to fires outside their home region. The results demonstrate that the probability of a
crew response from a specific home region to fires outside of its home region is significantly
correlated with factors such as the region in which the crew is based, fire activity and resource
scarcity in crew’s home region, the region in which the incident occurs, national level resource
scarcity, seasonality, and the proximity of the crew’s home region to the region in which the
incident occurs.

Develop a simulation/optimization procedure to study the daily suppression resource
reassignments during a fire season in Colorado
Yu Wei

Sharing fire engines and crews between fire suppression dispatch zones over a fire season
improves the utilization of these resources and allows managers to meet suppression demand in
each zone during time of high fire activity. Using data from the Resource Ordering and Status
System (ROSS) and the Predictive Service 7-day Outlook from 2010 through 2013, we studied
daily fire crew and engine demand in Colorado’s six dispatch zones and designed a
simulation/optimization procedure to transfer crews and engines into Colorado and to move them
between these zones. Management assumptions and policies may influence resource assignment
patterns and related efficiencies; we compared the effect of several different assumptions and
policies using our model. We also compared several model-suggested crew and engine
reassignment patterns with historical ROSS records to identify potential improvements in
efficiency.

A framework for optimal incident management: safe and effective response in a new fire
management paradigm
Christopher Dunn

Transition to the new fire management paradigm will require adaptation and innovation from fire
management organizations so they can manage risk and uncertainty while minimizing decision
biases. This requires alignment of a hierarchy of decisions beginning with pre-suppression
planning and continuing through the development of optimal response tactics. In this talk, we
propose a new dynamic, multi-response optimization model of large fire management that
considers uncertainty in land management objectives, environmental conditions and suppression
resource availability, safety and efficiency. The most pressing and potentially important decision
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for large-fire incident response is the establishment of means-based objectives that are specific,
measureable, achievable, realistic and time-constrained. Without means-based objectives there is
limited opportunity to utilize modern analytical methods for decision support. Identified control
lines, resources and assets requiring point protection, and logistical-features requiring
construction should be included as part of the tactical response objectives utilized by incident
managers that ultimately lead to the objective function and constraints within the dynamic
optimization model. The next step in the dynamic optimization model is to integrate long-term
fire behavior simulations with resource production models to determine the likelihood of
controlling a fire at the identified control boundary. Following identification of intended control
lines, three umbrella decisions are necessary to manage large-fire incidents and therefore need to
be accounted for in the dynamic optimization model: resource acquisition, resource allocation,
and resource demobilization. Each umbrella decision includes several sub-level decisions
specific to individual resources and tasks, and all interact to determine the final solution. These
large-fire management decisions are constrained by interactions between the operational
environment and resources assigned to the incident, including variables related to operational
standards and environmental constraints, which largely relate to interactions between fire
behavior and firefighter safety. The framework we have described integrates decisions made at
multiple levels within land and fire management organizations. Pre-suppression planning and use
of modern analytical tools with expert knowledge has the potential to improve the large-fire
management decision making process, provide the opportunity to develop optimal incident
response tactics, and improve the safety and efficiency of large fire management. The dynamic
optimization model requires improved data and modeling capacity, both of which require
investment and support from agency leadership. Integrating these modeling efforts with expert
knowledge will help fire management organizations more effectively adapt to the new fire
management paradigm.

Accountability

Infusing Accountability and Risk Management Principles into the Fire Management System
Matthew Thompson

Adoption of core risk management principles is important to improve wildland fire management
decisions and outcomes. Embracing risk management for instance means investing time and
resources in upstream assessment and planning to reduce the uncertainties and time-pressures of
the incident decision environment. It also means embracing various facets of accountability:
committing to generating and using the best available information, developing robust systems to
monitor performance, and using that information to facilitate continual improvement. Absent a
data-driven system of accountability, fire management organizations have no basis for tracking
or correcting behavior, even when such corrections would help better attain objectives. Similarly,
without accountability organizations have difficulty connecting decisions to outcomes and
evaluating how alternative courses of action may lead to improved outcomes. The analyses
related to monitoring and modeling presented in this special session highlight pathways forward
for improved adoption of risk management and accountability principles.
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Introduction

The University of Wisconsin-Stevens Point (UWSP) Fire Crew is a student organization
and a wildland firefighting organization. Our membership includes a diverse group of UWSP
students, with majors in a variety of disciplines but predominantly; Forest Management,
Ecosystem Restoration and Management, Wildlife Ecology, and Wildland Fire Science. The
purpose of our presentation is to showcase the interactive relationship between theFire Crew, the
Wildland Fire Science Program, Wisconsin Department of Natural Resources and other partners
and stakeholders. We also provide details about training activities, in the field experiences and
how integrating science and management equips students for the challenges we will face as

wildland fire professionals. .
Fire Crew Organization

The crew has a set of officer positions that include a Crew Leader and his or her
Assistant, Secretary, Cache Manager, Public Information Officer, Fire Effects Officer, Treasurer,
and two Faculty Co-advisors. The crew has other positions with task books, which include Squad
Boss and Burn Boss for crew members. Though officers act as the leadership on the fire line, the

task books are open to anyone on the crew who seeks to help with leadership. We do have set
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requirements that must be met for member involvement on the fire line. Members who hope to
burn with us must acquire their basic FFT2 certification, perform a shelter deployment, and
complete an arduous level Pack Test. Currently we hold around 40+ members that can
participate in operations. Our crew structure is set up to give students the maximum amount of

experience that is available.
Activities

UWSP Fire Crew provides multiple opportunities such as performing prescribed fire
operations for private landowners and the Wisconsin Department of Natural Resources (WI

DNR) and has participants in various fire related faculty research projects.

Other activities include, writing prescribed burn plans, performing said burns during
spring and fall, going on educational trips during winter and Spring Breaks, hosting professional
speakers, and other miscellaneous workshops. The Fire Crew holds workshops dedicated to
teaching students how to write effective burn plans which are frequently utilized for private
landowners and also on public land such as state parks or nature reserves. We write burn plans
with specific objectives that have clear ecological purpose. The window for opportunity to burn
in central Wisconsin is fairly short, as we may only have three months of the school year without
snow. While most of the burns we perform are in Wisconsin, we also get a chance to burn in
different states. We have an annual trip to Florida every winter break where we burn with the
Gold head State Park in Longleaf pine (Pinus palustris) dominated ecosystems. We also make a
trip every spring break to Pushmataha Wildlife Management Area in Oklahoma which provides
academic credit to participating students. On this trip, students are asked to determine ignition
patterns, measure fuel loads and consumption, monitor fire behavior, examine fire effects, make
weather observations, and also write a reflection paper about their experiences. We also do trips
to the Cook County Forest Preserve District in the Chicago area to assist in operations for the
city during spring break. These trips give students the opportunity to network, gain experience
before applying for fire jobs, and understand variations of prescribed fire within several fuel
types. The Fire Crew also hosts professional speakers including those from private companies,

government organizations, and non-profit organizations such as the Nature Conservancy.
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Other activities held include radio operation workshops, chainsaw projects, scouting trips
to future burn plots, boot care, packing essentials for the fire line, resume and USAJOBS
workshops, sand table exercises, tool sharpening, and flag fires. The officer core and students are
constantly coming up with creative activities to prepare our firefighters for the field and getting
them ready to fill professional positions. We also offer the opportunity for students to expand
their knowledge of fire management and ecology by attending conferences around the country

each year.
Mutual Aid

The Fire Crewhas a mutual aid agreement with the Wisconsin DNR that provides us with
federally certified instructors to enhance our training as students while they are receiving a local
firefighting resource to assist them with wildfire suppression and prescribed burn operations. We
provide basic fire certification training twice a year with student lead sections at our outdoor
hands-on training sessions. The fall class allows for credit through the university and spans 16
weeks while the spring course is offered over two weekends of class work, totaling 80 hours.
Once participants complete the course, the DNR can then benefit from their training by allowing
them to work on wildfire suppression assignments and prescribed burns. The fire crew acts as a
local dispatch center for the Whiting and other Ranger districts near Stevens Point that need
extra staffing during high fire danger. Each crew member that works with the DNR must log
their own mileage and time and fill out an activity log for all duties performed on shift. The Fire
Crew also provides several other NWCG fire certification courses throughout the school year
including; S - 212 Wildland Fire Chain Saw, S — 211 - Portable Pumps and Water Use, S-131-
Firefighter Type 1 Training, S-133 Look Up, Look Down, Look Around, S-230 Crew Boss
Training, S-219 Firing Operations, S-270 Air Operations, and S-290- Intermediate Wildland Fire
Behavior. These courses allow students to have a competitive advantage in the field before they

graduate.

We not only have an emphasis on technical training, but scientific training as well, by
bringing the classroom to the field through hands on experiences such as fire effects monitoring
using pre and post burn vegetation surveys, seed bank analysis, fire behavior monitoring

including fuels measurements, fire intensity, flame lengths, and smoke impacts on fire fighters.
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Similarly, we bring the field to the classroom by inviting professionals from the fire science

community to present new research, techniques, and improvements at our weekly meetings.
Fire Ecology

Combining the hands on experience acquired with field training, the Fire Science
curriculum at UWSP is educating the future fire managers of America with a strong emphasis on
ecology and restoration. Our program has recently been accredited by the Association of Fire
Ecology (AFE) and therefore allows our graduates to become AFE certified fire managers and
ecologists. The core courses of the Wildland Fire major listed belowincorporate a strong

understanding of the ecological role of fire within various ecosystems.
Courses* such as;

e FOR224 - Fire Operations which is our basic certification course (S-130,S-190,L-180)

o FOR324 - Fire Management and Ecology - Phenomenon of fire; its physical and
chemical effects and historical significance. Behavior and effect of wild and prescribed
fire in temperate forests. Techniques for planning, conducting, and evaluating prescribed
burns.

e FOR450 - Fire Policy Suppression and Use - History of wildland fire policy development
in the U.S. and selected other countries. Fire suppression strategies, wildland fire use
including smoke management, wildfire education strategies, and fire in the wildland
urban interface. Use and limitation of computer models for fire danger information
systems, suppression, and management.

e NRES454 - Fire Behavior and Fuels - Combustion process and physics of fire related to
various fuels in the fire environment. Fire behavior, fuel measurement, and fuel modeling
systems. Ecology of fuels, including moisture dynamics related to weather.

e NRES 455 - Advanced Fire Ecology - Fire as a fundamental ecological process
emphasizing ecosystem dynamics in North American grasslands, shrublands, and
forested systems with selected global examples from other ecosystems. Fire adaptations,
regimes, seasonally and fire frequency effects on animal and plant communities, air,

soils, and water and the role of fire in the environment.
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e NRES 459 - Ecosystem Restoration and Management - Methods for managing and
restoring ecosystems for biological diversity and sustainable use. Understanding the role

of disturbance, such as fire, as an integral part of ecosystem health and function.
*Class descriptions acquired from the UWSP course catalog

Outside of the classroom, UWSP Fire Crew has a dedicated fire effects officer (FEO)
position to monitor and study the ecological impacts of prescribed burns performed by the Fire
Crew. The duties of this position include collecting pre and post burn vegetation surveys, fuel
consumption data, and monitoring fire behavior characteristics such as intensity, flame lengths,
rate of spread, and smoke dispersal. Another responsibility of the FEO is to coordinate member
attendance at fire ecology conferences, such as this one, through our student chapter of AFE,
which awards travel grants to Fire Science students. When our members attend conferences the
information learned will be shared with other students through a presentation given at our weekly

meetings. This keeps us updated on new topics being introduced in the wildland fire community.

Another key responsibility of the FEO is to establish and coordinate various research
projects with the help of interested students. He or she also must collaborate with other student
organizations such as the Society of Ecological Restoration to assist in research goals and data
collection. Research topics include effects of prescribed fire on: encroachment of woody
vegetation into an oak savanna, habitat restoration for the federally endangered Karner Blue

butterfly (Lycaeides melissa), and seed bank composition changes under varying treatments of

prescribed fire. Experimental design is generated by students under the guidance of faculty
advisors to create complete scientific reports with viable data to present at our undergraduate
research symposium. Having this experience to produce professional research at this level is
preparing students for a graduate level degree in fire ecology. Currently, there is also research
being done by the chemistry department at UWSP on the risk of different levels of exposure to

smoke on wildland firefighters.

The overall goal of the Fire Crew and the UWSP Wildland Fire Science program is to
promote student education and training to become wildland fire professionals that lead by

example and support fire management decisions with scientific data. This is being achieved by
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students, faculty members, and current professionals working collaboratively to approach

tomorrow’s problems with today’s education and training.

We are on the precipice of a dynamic future that will need fire managers and fire
ecologists as much as firefighters and here at UWSP we are developing students of fire to

approach upcoming issues in new and inventive ways.
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Introduction

Fire intensity is a key component of bushfire regimes and its assessment has been widely used
for mapping of bushfire prone areas. The basic factors which determine whether a bushfire will
occur include the presence of fuel, oxygen and an ignition source. The goal of this research is to
examine the potential of a spatial model of fire intensity, which is based on McArthur forest fire
behaviour model and Byram’s fire-line intensity, to detect and map state wide bushfire prone
areas in NSW, Australia. The evaluation was based on historical burn data recorded from 2001 to
2013 using logistic regression. Digital elevation model(DEM) data were used to generate the
maximum slope for assessing bushfire propagation susceptibility. Fuel load and weather index
were also used to model potential fire intensity.

Bushfire is one of the major threats to the environmental and human systems in the state of New
South Wales (NSW), Australia. It located in southeastern Australia, with a total area of
approximately 809,444 km?, is one of the most bushfire prone areas in the world. There are
approximately 16,500 vegetation fires across NSW every year, according to the Australian
Productivity Commission report. The principal timing of bushfires in NSW varies according to
the weather condition, and is commonly linked to periods of drought. The most adverse bushfire
weather occurs in the summer months of November, December and January in most areas,
whereas for the North Coast and the Northern Rivers regions, fires most typically also occur
during spring. .Statistical data from 2004 to 2014 indicate that the main bushfire season is from
October to February, and 70% of the total yearly burned areas occur in December, January and
February. From 1993 to 2003 bushfires in NSW collectively caused 10 deaths, the loss of 411
houses, with over 2,200,000 ha burned. In this paper, historical burn data for 2001 to 2013 were
provided by the Rural Fire Service (RFS) of New South Wales.

Materials and methods

In the current study, a new methodology is proposed that combines the McArthur forest fire
behaviour model with Byram’s fire-line intensity to estimate potential fire intensity and map
bushfire prone areas in New South Wales. This methodology has incorporated potential fuel load,
landscape slope and forest fire danger index to determine the fire intensity.
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The potential fuel load, which is represented by the approximate mass (measured in tonnes/ha) of
combustible fuel material, is a key driver of fire behaviour and fire intensity. To estimate
potential fuel loads for each vegetation category as shown in Table 1, reference was made to the
‘Overall Fuel Hazard Assessment Guideline’ and ‘Vegetation Formations of NSW ’and applied
fuel load estimates to each Vegetation Hazard Class.

Table 1: Vegetation Hazard classes and Potential Fuel loads

Vegetation Vegetation Hazard Class description Potential Fuel Load

Hazard Class (tonnes/ ha)
1 Cleared 0
2 Rainforest 8
3 Wet sclerophyll forests (shrubby subformation) 27
4 Wet sclerophyll forests (grassy subformation) 25
5 Grassy woodlands 15
6 Grasslands 5
7 Dry sclerophyll forests (shrubby/grass subformation) 26
8 Dry sclerophyll forests (shrubby subformation) 19
9 Heathlands
10 Freshwater wetlands
11 Forested wetlands
12 Saline wetlands
13 Semi-arid woodlands (shrubby subformation) 10
14 Semi-arid woodlands (grassy subformation) 8
15 Arid shrublands (chenopod Subformation)

16 Arid shrublands (acacia subformation) 9

Topographic factors included elevation, slope and aspect. We used the one second smoothed
digital elevation model (DEM-s) data at a spatial resolution of 30m to create the landscape slope
maps. The 1 second DEM, derived from the SRTM data is not suitable for fire spread application
due to various artefacts and noise, while the DEM-s has been adaptively smoothed to reduce
random noise typically associated with the SRTM data in low relief areas. DEM-s data were
provided by Geoscience Australia (GA), which was resized, re-projected, and re-sampled to
match the coordinates of the fuel load data. The maximum slope was then derived from the
DEM-s data.

The McArthur Forest Fire Danger Index (FFDI) is used to represent the complexity of weather
variables including wind speed, temperature, relative humidity and recent precipitation in
measuring bushfire risk. The following equation is used to calculate daily FFDI values:

FFDI = 2 + exp(0.987In(DF) — 0.45 + 0.0338T + 0.0234W, — 0.0345RH) (1)
where DF is the drought factor calculated using the procedure in Griffiths(1999), T is the daily
maximum temperature, Ws is the 3pm 10-minute average wind speed and RH is the 3pm relative
humidity. In this research we made use of the weather data from 16 stations across New South
Wales covering the period June 1972 to December 2009 to calculate the spatial distribution of
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FFDI. The indicator of fire weather conditions is assessed by calculating the return period of
extreme values by fitting extreme value distributions to records of FFDI (Sanabria et al. 2013).
According to the extreme value theory, the return period (RP) of an event is related to the
probability P of not exceeding this event in one year (Makkonen 2006):

RP = — )
Return period of FFDI for a range of years (1 year, 5 years, 20 years, 50 years and 100 years)
were calculated for the data using the Generalized Extreme Value Distribution (GEV). However,
this sparse discrete location data is not suitable for a spatially continuous environment. Therefore
an advanced interpolation algorithm was used to generate 30m grid spatial distribution data
based on the discrete points FFDI data in the next step. The Inverse Distance Weighting (IDW)

algorithm was used to calculate the spatial distribution of point-based values.

Fire-line intensity is a standardized measure of the rate of fire suppression and can be used to
estimate the potential flame length, radiant heat and other fire metrics to provide approximate
estimates of risk to life and property(Byram 1959, Cheney et al. 2001, Zarate et al. 2008,
Australia 2009, Alexander and Cruz 2012). It is calculated by combining estimates of the
potential fire weather severity, landscape slope and potential fuel load, using formulae derived
from established forest fire behaviour models:

FI =0.62 « W? « FFDI * exp(0.0696), 3)
FI is fire-line intensity, W is total fuel load, FFDI is McArthur Forest Fire Danger index, and 0 is
the slope.

The final Bushfire Prone Area map is generated from potential fire-line intensity mapping by
removing areas that do not meet a minimum potential fire-line intensity threshold, removing
small and disconnected patches of vegetation that are less likely to be ignited or would not
sustain a severe bushfire, adding a potential impact buffer, and smoothing map data to replicate
naturally occurring boundaries.

Results

The potential fuel load map was generated by applying a fuel load estimate to each vegetation
hazard class. As mentioned in the method section, this data set was developed by combining over
100 vegetation maps which vary in spatial resolution and currency. Therefore the map reliability
needs to be assigned based on each image source. Specifically, 72% of western NSW have a low
map reliability; 86% of the north coast area has a map reliability of medium or above; 92% of the
central coast area has a map reliability of medium or above, and 98% of the south coast area has
a map reliability of medium or medium-high.

Maps of FFDI return values from the 1985-2008 analysis dataset for a range of years are
computed. In this case, a 20 year return period means a certain weather condition is exceeded
with probalility 0.05 (1/20) on average once a year. For instance, if the average annual
probability of exceeding a temperature of 32° T at some location is 0.05, the 20 year return
period (1/0.05) of a temperature at thatlocation is 32° T, which means it is expected that the
value 32° T is exceeded, on average, once every 20 years. Generally speaking, 1 year RP
represents the normal weather condition and the 100 years RP represents the extreme weather
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condition. In this study, it was found that the 20 years RP is most suitable for calculating the
state-wide fire intensity.

Compared the 30m maximum landscape slope calculation method with others, the finite
difference method identifies the steepest slope instead of an average. In this research the
maximum value across the cell's eight neighbourhood slopes using cell statistics was adopted,
and the final result gave a relatively smooth landscape slope, especially in high relief areas.

A 30m resolution state-wide mapping of potential bushfire prone areas was generated by
applying the above three inputs into the McArthur fire intensity model, and is shown in Figure 2.
As might be expected, bushfires mostly occurred in forestry areas with high elevations, while
fewer bushfires occurred inland away from the coast and mountainous areas. High elevations
also contribute to higher probability of ignition by electrical storms. Bushfire locations are found
to be significantly influenced by the vegetation hazard class, and .most frequently occur in the
Great Dividing Range, with the most flammable areas located in the Blue Mountains area.

Figure 2: Bushfire prone area of NSW
The authors compared the high fire severity class with historical observations of burn data with a

resulting overall accuracy of 72%, which indicates that this method is a reasonable predictor for
bushfire prone areas in NSW (see Figure 3).
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Figure 3: Bushfire prone areas in north coast area

Discussion

In this paper the authors studied the potential of a spatial model of fire intensity, based on the
combination of McArthur forest fire behaviour model and Byram’s fire-line intensity, to detect
and map bushfire prone areas in the state of New South Wales, Australia. The McArthur model
and Byram’s fire intensity equation as the basis for modelling bushfire prone areas have been
widely used in bushfire behaviour research in Australia. The results of this study provide an
assessment of potential bushfire prone areas for the state of NSW and maybe useful for
prediction purposes, and for the mitigation of potential bushfire impacts. But there are also some
work need to do in the future. When the potential fuel load for vegetation hazard class is
determined, a fixed value for each class is adopted, which was not really suitable in every case.
For example, if 'freshwater wetlands' formation is assigned, this yields a low potential fuel load
value of'3', but actually the bushfire fuel characteristics vary greatly between the vegetation
classes within the freshwater wetland formation. In the freshwater wetlands class, Coastal Heath
Swamps is a very flammable class due to its dense standing biomass of shrubs, while Coastal
Freshwater Lagoons are very rarely flammable due to the low density of fuel, but they were all
assigned a same potential fuel load '3'. As a result undervaluation of bushfire risk would occur in
these areas. Therefore using a higher resolution fuel load data could improve the overall
accuracy in future work.
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What is the Strategy? A Comparison of the Wildland Fire Decision Support System (WFDSS) and
Incident Status Summary ICS-209
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Introduction

Home units provide direction for management of fires through Decisions created in the Wildland
Fire Decision Support System (WFDSS). Decisions are required for federal wildland fires
exceeding initial response or managed for multiple objectives. An optional strategy slider bar
was added to the Course of Action section of Decisions in 2015. The slider scale is Monitor
(value 0) to Suppression (value 100). The slider initiates at the mid-point (value 50) and must be
saved to record a value. Users do not see the numerical values when using the slider.

The Incident Status Summary form (ICS-209) is required documentation for large fires, defined
as 1) > 100 acres in timber 2) > 300 acres in grass/brush or 3) having a Type 1 or 2 Incident
Management Team (IMT) assigned. Completed by local units or Planning Sections when IMTs
are assigned, ICS-209s are submitted daily until containment with some variation. The ICS-209
form has four categories for strategy (Field 9D): Monitor, Confine, Point Zone Protection, Full
Suppression. Users enter a percentage by category. This study compares the strategy directed in
WEDSS by line officers to the one reported in the ICS-209 by fire managers.

Methods

This study focused on fires with WFDSS Decisions from January 1 through August 31, 2015.
Optional use of the strategy slider bar was recorded for each fire. If the slider was used, the
value, from 0 to 100, and the date it was saved was recorded. Then the strategy category and
percent was recorded from the next available ICS-209 after that date (if none after that date then
the latest available was used).

Line officers can change the WFDSS strategy over the life of a fire. Changes made within a day
were assumed to be editing; recording the value at the end of the day. Changes made greater
than a day were assumed to represent a change in strategy and were recorded separately, with the
ICS-209 strategy for the next available date

thereafter captured.

Results

General Data

There were 598 fires with WFDSS Decisions
(1/1-8/31/2015); for a total of 669 strategies.
Sixty fires changed the strategy in WFDSS one
or more times. Strategies by Geographic Area
are shown in Figure 1. Although the strategy
slider bar was optional, it was widely used by all
Geographic Areas; none had less than 80% use,

1 o
with 85% use overall. Figure 1 Number of strategies by GA for fires with

Decision 1/1-8/31/2015.
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Strategy Overall

Comparing strategies

from WFDSS (directed)

to the ICS-209 (reported)

indicates: suppression is

directed less than

reported, monitor is

directed less than

reported, a mixed strategy

is directed more than

reported. Figure 2 shows

a comparison between Figure 2 Comparison of strategy in WFDSS to ICS-209 overall.
WEFDSS and ICS-209

strategies for the fires overall. In WFDSS the directed strategy is less black and white compared
to the ICS-209; a “mixed” strategy is directed more than double the amount than is reported.

Strategy by Geographic Area
Comparing strategies from WFDSS to the ICS-209 by area yields interesting nuances, Figure 3.
For example, Northern (NorCal) 100%, and Southern California (SoCal) 85%, had the highest

Figure 3 Comparison of strategy in WFDSS to ICS-209 by Geographic Area.
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percentages of reporting Suppression; Great Basin had the lowest at 18%. Great Basin had the
highest percentage of reporting Monitor at 61%. All NorCal fires reported Suppression but it
was only directed 52% of the time. The Southwest directed Monitor 6% of the time but was
reported almost 7-fold more at 40%. Despite intricacies in the data, the overall trend of directing
Monitor and Suppression less often than reported holds true for all areas except Eastern.

e The percent of time a WFDSS strategy for a specific incident directed Suppression when
the ICS-209 reported Suppression.
e The percent of time a WFDSS strategy for a specific incident directed Monitor when the
ICS-209 reported Monitor.
e The percent of time an ICS-209 reported Suppression when WFDSS directed anything
other than Suppression.
These scenarios indicate the level of agreement between directed and reported strategy.

Table 1 National and Geographic Area comparisons of strategy fire by fire.

% of time WFDSS % of time WFDSS % of time ICS-209 reported
directed Suppression  directed Monitor Suppression when WFDSS
when ICS-209 when ICS-209 directed anything other
reported Suppression  reported Monitor than Suppression

Nationall 54% 28% 25%
Alaska 35% 31% 14%
Eastern 100% N/A! N/A?
Great Basin 50% 32% 10%
NorCal 58% N/A! 100%
Northern Rockies IV 14% 29%
Northwest 63% 27% 51%
Rocky Mountain 71% 44% 0%
Southern 20% 0% 22%
SoCal 65% N/A! 100%
Southwest 17% 8% 17%
High % = greater High % = greater Low % = greater agreement
agreement agreement

Nationally, when ICS-209 reported Suppression it was only directed in WFDSS roughly half of
the time (54%). Eastern Area had the greatest agreement on strategy reported in ICS-209 and
directed in WFDSS, when ICS-209 reported Suppression, at 100%. Whereas Southwest,
Southern, and Alaska Areas had the least agreement at 17%, 20%, and 35% respectively.

Agreement between WFDSS and ICS-209, when ICS-209 reported Monitor was low nationally
(28%) and for all areas (excluding Eastern, NorCal, and SoCal'). Southern Area had the least

! Eastern, NorCal, and SoCal did not have any ICS-209s reporting Monitor as the strategy
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agreement with respect to Monitor at 0%; the area with the greatest agreement was Rocky
Mountain at 44%.

When an ICS-209 strategy reported Suppression but WFDSS directed anything other than
Suppression the agreement in strategy differed greatly between Geographic Areas. Nationally
this occurred 25% of the time, however in two areas, NorCal and SoCal, it happened 100% of the
time, while in Rocky Mountain 0% of the time.?

Discussion

A Closer Look

Looking further at the details yields more insight and questions. Table 2 displays the value of
the WFDSS slider (0% = monitor, 100% = suppression) and the reported Suppression strategy by
category in the ICS-209 for some example fires in the dataset. If you were the line officer on
these fires and you saw what the reported strategy was in the ICS-209, how confident would you
be that the direction you provided in the WFDSS Decision with regard to strategy was followed?

Table 2 WFDSS strategy slider values vs. ICS-209 percent by category

WEDSS Strategy Slider % ICS-209 Category and %
(0%=monitor, 100%=suppression)

61% 100% Suppression

19% 100% Suppression

27% 100% Suppression

31% 100% Suppression

22% 100% Suppression

32% 100% Suppression

80% 100% Suppression

79% 100% Suppression

100% 100% Confine

44% 95% Suppression, 5% Monitor

69% 100% Suppression

58% 100% Monitor

22% 100% Suppression

100% 100% Monitor

100% 100% Point Zone Protection

100% 100% Monitor

100% 100% Point Zone Protection

100% 100% Confine

100% 100% Monitor

79% 100% Suppression

82% 100% Suppression

2 All Eastern Area fires directed a Suppression strategy in WFDSS
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Now let’s flip that question around, imagine you are the Incident Commander for the fires in
Figure 4 and 5. If you saw the direction provided on strategy in WFDSS for these fires, how
would you direct your firefighters on the ground and how would direct your team to fill out the
ICS-209 for strategy?

Figure 4 shows the strategy in a WFDSS Decision in which the author wrote that the strategy is
“Full Suppression” but placed the slider at a value of 82%.

Action Items for Sheep Rock

— Strategy (optional)

Monitor O Suppression

eComment
I Full suppression strategy u!’mg direct and indirect tactics, utilizing natural and man made barriers.

Last updated b-on 07/09/2015 12:40

Figure 4 Strategy slider for a fire set to 82% while written direction says “Full Suppression.”

Figure 5 shows the WFDSS strategy for a fire in which the author wrote the strategy is “100%
Suppression” but also adds it is “point protection” and “contain/confine tactics.” There is no
way to represent a strategy in ICS-209 in three categories if one of them is listed at 100%.

Figure 5 This fire's WFDSS strategy states 100% Suppression, but
also lists point protection and confine.

What Does This Mean?

Clearly there are some disconnects between the directed strategy for a fire in WFDSS to what is
reported as the strategy in ICS-209 and it varied by Geographic Area in 2015. More than one
factor may be the cause:

e Differences in user interfaces. In WFDSS users are presented with a scale for selecting
strategy, but in ICS-209 they are presented with categories. Does the manner in which
the user is presented with options impact the selection? Does presenting a scale
(WFDSS) lead users to select a value in the middle more often than presenting by
category (ICS-209)?
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e A result of the 2015 fire season. Are the nuances in the strategies by each Geographic
Area a result of the 2015 fire season specifically or a reflection of direction and
management for the area in general regardless of the type of fire season an area
experienced in 20157

¢ Misunderstanding/unintended use of the WFDSS strategy slider. There were clear
instances in WFDSS where user entered data regarding strategy did not match the
numeric value saved on the strategy slider. Either, users did not realize or did not care
that selecting Save Strategy in the WFDSS strategy section would save a value on the
slider, which by default is set in the middle, at a value of 50. Of the 23% of fires in
which the strategy value was 50 some represent unintended use of the slider, but it would
be impossible to say that all 23% were unintended use without verifying with each
decision author.

The same question is posed to two different audiences in different ways. Does this inherently
increase opportunities for misunderstanding of strategy? Line officers get a slider bar with two
distinct strategies at either ends of a continuum, while fire managers get four categories.
Furthermore, just because WFDSS and ICS-209 do not always match does not mean a
misunderstanding happened between line officers and fire mangers with regard to strategy. It is
possible the slider did not match the direction provided in the Incident Objectives and
Requirements and through inbriefing, or perhaps the ICS-209 reporting is not reflective of what
is occurring on the ground. Because directing and reporting of strategy do not use the same
system and terms it is not even possible to have an exact match on strategy anytime the strategy
is something other than Suppression or Monitor.

Why are managers asked to indicate strategy in different ways? Perhaps WFDSS should present
strategy in a similar manner as ICS-209? Or maybe ICS-209 the same as WFDSS? What if
WEDSS prepopulated the ICS-209 strategy via the Integrated Reporting of Wildland Fire
Information (IRWIN) for fires with Decisions? Would that force a conversation between line
officers and fire managers when there is a disconnect on directed and reported strategy?

Recommendations

To enable line officers and fire managers to communicate clearly with regard to strategy the fire
community needs a data standard for the strategy on a fire. IRWIN should be used to populate
the strategy throughout fire systems to reduce inaccurate and duplicate data entry. An
authoritative data source (ADS) would need created to indicate which fire
reporting/information/decision system was the authoritative source for strategy under different
circumstances (i.e. when there is a published decision, when there is not a published decision).

Further research could be completed comparing the Strategic Objectives and Management
Requirements from the Land and Resource Management Plan (LRMP) and the Incident
Objectives and Requirements providing leader’s intent to both the WFDSS strategy slider bar
and ICS-209 to evaluate if decision making and actions on the ground are in alignment with the
LRMP direction.
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Abstract:

Wildfire smoke is increasingly affecting air quality in urban areas distant from flame zones,
particularly in the Western US. At present, little is known about the aggregate health costs of
smoke across this increasing highly urbanized region. To address this knowledge gap, this study
provides the first regional time series estimates of morbidity incidence and associated costs of
wildfire smoke across the 18 largest metropolitan areas (>750,000 population) in the Western
US over 2005-2014. A benefit transfer methodology is applied using the US EPA Benefits
Mapping and Analysis Program-Community Edition (BenMAP-CE). Results suggest that
wildfire smoke over western airsheds is becoming more frequent. Over the past 10 years, health
incidence has increased by an average of 9.8%/yr and health costs by 4.7%/yr. Aggregate health
costs range from a low of $4.5 million in 2006 to a high of $19.7 million in 2013. There is
substantial spatial and temporal heterogeneity in smoke health impacts across years and urban
areas. A policy application of this work is that individuals in Western communities, consistent
with their economic preferences, may be willing to pay for distant mitigation efforts in order to
reduce the variability and severity of disruptions to their airsheds caused by wildfire.

Additional Keywords: wildfire smoke; economic costs; health; risk mitigation
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Extended Abstract:

Introduction

There is concern that wildfire smoke is increasingly affecting urban airsheds distant from the
flame zone, particularly in the Western US. Climate change, drought, and continued fuels build-
up are expected to increase the magnitude and severity of Western wildfire smoke events.
However, little is known about the aggregate health costs of smoke across this geographically
expansive and increasingly, highly urbanized, region.

This is particularly troublesome in light of recent and ongoing discussions surrounding wildland
fire management, broadly defined, and mitigation budgets, in which a complete picture of the
full costs of wildfire is presently lacking. For example, the recent joint-position statement by the
IAWF, Association for Fire Ecology, and The Nature Conservancy on wildfire risk and costs,'
argues that there is a large disconnect (sometimes by orders of magnitude) between the actual
costs of wildfire events and the measured costs that appear in official damage assessments.
Wildfire smoke health costs are one source of disconnect given our limited understanding of the
spatial and temporal distribution of health impacts during a wildfire event.

Methods

To address this knowledge gap, this study provides the first regional time series estimates of
morbidity incidence and associated costs of wildfire smoke across the 18 largest metropolitan
areas (populations greater than 750,000) in the Western US over 2005-2014. A benefit transfer
methodology is applied using the US EPA Benefits Mapping and Analysis Program —
Community Edition (BenMAP-CE).? In a benefit transfer, available information from studies
already completed are transferred to another location or context to estimate economic values for
ecosystem services. This is a commonly used approach for estimating wildfire smoke health
damages (e.g., Jones et al., 2015).

Wildfire-specific health incidence functions from Resnick et al. (2015) and Delfino et al. (2009)
are used to capture relationships between smoke and health. A wildfire-specific willingness to
pay measure ($130.79/wildfire event lasting 4.5 days) is used from Jones et al. (2015) — how
much are you willing to pay to avoid a wildfire smoke health impact? The pollutant PM2.5 is
focused on and air quality data used comes from the US EPA AirData network.? A wildfire
smoke day is identified as a day at a monitoring site where PM2.5 > 99'" percentile of the
previous five-year daily moving average.

Results

Results suggest that the health costs of wildfire smoke in the Western US are substantial and on
the rise. Incidence is increasing at a rate of 9.7%/yr. on average over the past 10 years (Figure 1).
Costs are increasing at an average rate of 4.7%/yr. (Figure 2), though are highly variable
depending on the severity and duration of the smoke event. Aggregate health costs range from
$4.5 million in 2006 to $19.7 million in 2013 for the 18 urban areas investigated (Figure 3).
There is significant spatial and temporal variability in incidence and costs across the landscape

! http://www.iawfonline.org/Reduce-WIldfire-Risk-16-April-2015-Final-Print.pdf
2 https://www.epa.gov/benmap
3 https://www3.epa.gov/airdata/
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that is only marginally associated with the size of the burn area. Some areas (e.g., southern
California) are routinely affected by wildfire smoke, while other areas (e.g., Salt Lake City, UT)
experience almost no wildfire smoke impacts. There is a degree of randomness as to whether a
given city will experience a smoke event or not in a particular year, depending on weather
patterns and distance to the flame zone.

Conclusion

This research establishes the first trend and reference point of the magnitude of economic costs
of health impacts associated with large-scale airshed events precipitated by wildfire smoke.
Given the ongoing implementation challenge of finding sustainable mitigation funding
mechanisms, a policy implication of this research is to expand the scope of potential funding
sources to communities, distant from the flame zone, who nonetheless can be significantly
impacted by wildfire. Individuals in Western communities, consistent with their economic
preferences, may be willing to pay for distant mitigation efforts in order to reduce the variability
and severity of disruptions to their airsheds caused by wildfire smoke.
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Figure 1: Wildfire Smoke (Log) Incidence for Western US MSAs >750k population, 2005-2014
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Figure 2: Wildfire Smoke (Log) Costs for Western US MSAs >750k population, 2005-2014
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Figure 3: Aggregate Health Costs & Acres Burned across Western States with MSAs >750k
population, 2005-2014
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Introduction

The management of bushfire risk in peri-urban communities maintains a strong focus on risk
factors associated with the fire front, namely the risk to properties from radiant heat and direct
flame contact. With embers a contributing factor in the majority of property damage and loss
cases from bushfires in Australia, further consideration to the risk posed by embers is required for
effective bushfire risk management. Although consideration is given to embers from a property
perspective, for example with building codes to prevent gaps through which embers can enter a
property, or via fire preparedness material from local agencies, bushfire risk management tends
not to explicitly consider the localised ember risk and the contributions to ember risk from local
bushland.

Following the Warrangine Park bushfire, in Hastings, Victoria, the Mornington Peninsula Shire
Council and Country Fire Authority (CFA) commissioned a report into the fire, including a
determination on the effectiveness of the existing Fuel Management Zones (FMZs) in achieving
“no potential for flame or radiant heat ignition of houses and other key assets” (Terramatrix,
2015, p.1). The report concluded that
“Although a number of dwellings were ignited, this was from ember attack or from
combustible material burning within the private property such as garden vegetation,
planter boxes and decking. The FMZ was considered to have achieved the objective
of preventing radiant heat and flame ignition of houses from a fire in the
reserve.”(Terramatrix, 2015, p.3)
and while it is clear that the FMZs did achieve their stated aim, this approach indicates a lack of
consideration for the contribution of government managed land on the ember risk to properties.
Such an approach is not unique to the Mornington Peninsula Shire, see for example the fire
management plans of the City of Gold Coast and Great Lakes Council, which likewise focus on
direct impacts of the fire without specification for ember attack.

Whilst it is readily acknowledged that the Mornington Peninsula Shire actively considers the risk
of embers in their fire management plans, such consideration appears to be restricted to building
codes and the requirement for minimum Bushfire Attack Level (BAL) ratings. A BAL greater
than or equal to 12.5 is considered to provide protection against ember attack (Terramatrix,
2015), however of the six properties (BAL >12.5) in the Warrangine Park bushfire report
(Terramatrix, 2015), four of these sustained damage to either the house or surrounding structures.
The contribution of embers to house damage in the Warrangine Park bushfire is not atypical.
Within the Australian context, embers are a leading contributor to house damage and loss. For

*Melanie Roberts
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example, in their survey of the Duffy region following the Canberra 2003 bushfire, Blanchi et al.
(2006) found that embers only and embers with some radiant heat were the dominant causes of
house loss and damage. With embers a leading contribution to house loss and damage in the
Australian context, it is prudent to directly consider ember risk in any understanding of bushfire
risk to properties.

Property level models of bushfire risk

Examination of property and environmental contributions to risk is well-established, with
numerous models having been developed within the Australian and other contexts, such as
Wilson and Ferguson’s (1986) House Survival Likelihood Function, based on an examination of
450 houses affected by the 1983 Ash Wednesday fire at Mount Macedon, Victoria; Tolhurst and
Howlett’s (2003) House Ignition Likelihood Index, which is focussed on the contribution of
weather and local fuel levels to risk; and the previously mentioned Bushfire Attack Level
(NSWREFS, 2012). These models all seek to provide a quantification of bushfire risk at the
property level, however are limited in their ability to be applied at scale.

The BAL is a static measure of risk invariant with changing fire-weather conditions. Focused on
town planning and the application of construction standards, the BAL may be considered a poor-
weather ranking, with little relevance during the winter months. The House Survival Likelihood
Function incorporates factors of the weather, via the potential fire intensity, with some functions
of defensibility such as occupant presence, garden vegetation, slope and construction. Presented
both as an equation and via a circular meter (Wilson, 1988), the function provides a simple way
to quantify risk, however the use of piecewise discontinuous functions results in step changes to
risk that are not physical, a feature also of the BAL formulations. The House Ignition Likelihood
Index is focussed on the impact of weather and local fuel supplies, providing a detailed
understanding of the available fuel load in the vicinity of the home. This Index however requires
expert knowledge to implement, which is not typically available within a community, as
acknowledged by the authors (Tolhurst and Howlett, 2003).

The value of quantifying bush fire risk is well established, as it enables Government,
communities, and individuals to understand and pro-actively manage this risk. Current methods
of quantifying bush fire risk are however either applied across large regional areas, e.g. the Forest
Fire Danger Index, or are limited in their application at scale due to the required information
sources.

This research seeks to address these limitations through the development of a dynamic risk
function based primarily on publicly available data sources, where the risk index can be refined
through the inclusion of additional data sources, for example from direct entry of information by
a home owner. In this work the ember contribution to this risk is explored, which is one
component of the total risk index.

Ember risk

A property’s ember risk has three components; the ember load impacting a property, the
likelihood of ignition at the property, and the likelihood that embers will not be extinguished,
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Table 1: Example factors contributing to bushfire risk in peri-urban environments.

Environmental Factors Property Factors Occupant Factors
*  topography *  house construction *  preparedness
*  proximity to bushland *  garden vegetation * resilience
*  bushland load *  nearby structures *  capability of occupants
e fuel load *  access *  occupant experience
*  vegetation type *  water availability *  care requirements of occupants
e temperature *  maintenance and tidyness
*  humidity *  defensive mechanisms
*  windspeed and direction

where these components are themselves functions of many factors. Table 1 provides a summary
of key factors for ember risk, from the local environment, the property, and of the occupants.

In this analysis we consider the first component: the contribution of local bushland to the
potential ember load experienced by a property during a bushfire. The characteristics of the fire,
local weather as well as variations in vegetation type, fuel loads and the location and distribution
of bushland in the vicinity of homes affects the number of embers that can be expected to impact
a property in the event of a bushfire.

Guided by the results of Thurston et al. (2014) we introduce a number density function (NDF) to
describe the distribution of embers originating from a point source. This NDF is composed of
four factors; a 2D probability density function (PDF) modelled on the normal distribution to
reflect the underlying behaviour of the ember spread, a fire-intensity based correction on the
available ember load at the source, a correction to account for the time-dependent component of
ember viability due to burnout or blowout, and the fuel load available at the source.

The underlying behaviour identified by Thurston et al. (2014) is captured in the PDF

Al o))

which is the two-dimensional normal distribution centered at the origin (x,y) = (0,0) with a
modified standard deviation in the lateral y direction, subject to a background windspeed of u
m.s” in the positive y-direction. The standard deviations and means are given by oy and y, in the
horizontal x, and o, and u, in the lateral y directions, respectively. The standard deviation o is
modified to account for the increase in spread with distance from the source observed in
Thurston ef al. (2014). In their analysis, Thurston et al. identified the distribution of embers
originating from a point source subject to a varying background wind, without consideration for
the impact of fire intensity on this distribution or on the number of embers released into the
plume.

exp , (1)

2n0,0,/u,

It is well understood that large fires have a considerable impact on ember behaviour beyond that
accounted for by the background windspeed. In large fires the threat of spotting ignition
increases in line with the scale of the fire, with larger fires producing enhanced plume behaviour
capable of lifting larger embers and carrying embers further from the source (Koo et al., 2012).
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As fire intensity is quadratically proportional to the background windspeed, we assume a
quadratic dependency on the windspeed for the number of embers able to be lofted by the fire
activity, by introducing the correction to Eq (1) of 1+(w/u,.)°, where u,.zis the reference
windspeed, thus not only does a greater windspeed correspond to a greater mean and standard
deviation in the horizontal direction of the available embers, but an increase in the number of
embers produced by the fire.

A second correction to Eq (1) is introduced to account for the effective lifespan of the embers.
Following Dold et al. (2011) we assume that the number of effective embers decreases linearly
with time, which is reflected through distance from the origin. The correction is given by

(1——“);2+y2 H(dmax—\/x2+y2)’ (2)

max

where H is the Heaviside Function, and d,,,, is the applied maximum distance embers can
theoretically be transported. Thus the distribution of embers from a point source located at the
origin subject to a background windspeed u is given by

O T Sl

20,0, /u, o ox/u, d

X max

and by convolution the cumulative ember load at a property is given by

Mo (%) = (0p %15 ) (%,3) = [[dx, [ dy,o, (x0,0) 10 (x = x.9-,) (4)

’

where 7 is the fuel load at the point of origin in #.ha™. The ember distribution for a range of
background windspeeds between 2.5 and 15m.s™' is shown in Figure 1. While a single NDF for
the ember distribution has been introduced, where sufficient information is available different
fuel types may be considered independently.

Application to communities

The presented ember load model, whilst simplifying a number of physical processes of ember
spread, is constructed in such as way as to enable application at scale. A key limitation of
previous models for property level risk has been the reliance on expert or personalised
information. The developed model for bushfire risk, of which the ember model presented is one
component, uses publicly available data sources to identify the baseline risk, where localised data
sources can be incorporated to provide improved accuracy.
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Figure 1: Two —dimensional spatial distribution of ember load for background windspeeds of 2.5, 5, 7.5, 10, 12.5 and 15 m.s”!
corresponding to an unit available ember load at the origin (0,0), with u,,r = 150, d,,e = 30 and 0.1km discretisation.

This ember model is demonstrated through an example scenario, shown in Figure 2, of a housing
estate bordering bushland. The fuel load is indicated through the green heat map, with the risk
score shown in red (darker colours correspond to higher fuel load and risk) for two background
wind scenarios, 2 and 10 m.s”. The parameters used in this example are as for Figure 1. The
footprint of ember risk is seen to increase significantly with the greater windspeed, as is the risk
score experienced by the properties. It should be noted that the relative risk scores between the
different wind scenarios is controlled by the choice of parameters, and that further analysis is
required to understand appropriate values for different scenarios. Nonetheless, these results
illustrate the key features of ember risk identified in previous research; an increased ember load
and greater horizontal and reduced lateral reach of the ember storm with higher windspeeds.

Figure 2: Illustrative risk profile for a community adjacent to bushland for background windspeeds of 2 (left) and 10 m.s™ (right).
Darker greens correspond to a higher fine fuel load, with darker red shades corresponding to a higher risk index.
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Conclusion

Analysis of bush fire impacts on properties demonstrates that embers are a dominant cause of
property damage and loss in the Australian context, yet management of bushland in the peri-
urban environment remains focussed on the radiant heat and direct flame contact risks. This
work presents a model for the ember risk to a property, based on the distribution of embers from
surrounding bushland. Through this model, the contribution of embers to property-level risk can
be identified and communicated, empowering individuals and communities to pro-actively
manage their risk

Identification of dynamic property-level risk is an important step in empowering home owners to
reduce their risk. Together with mobile technologies, the developed model of risk, of which
ember load is one component, provides the input to a personalised risk advisor, which assists
homeowners in understanding their local risk and exploring mitigative options.

Further work in this area will focus on parameterising the model using available data of bushfire
impacts on properties, and of incorporating additional features of ember risk such as the
sheltering effect of houses and other structures in the windpath of the target property.
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Introduction

Spinifex grasslands are characterised by the dominance of perennial hummock grasses, primarily
of the genus Triodia. They cover about 2.1 million km® (~27%) of the Australian continent
including pastoral, Aboriginal and conservation lands as well as large tracts of unallocated crown
land (Allan and Southgate 2002). The combination of accumulations of flammable vegetation,
and the often extreme fire weather conditions makes spinifex grasslands highly flammable
(Griffin 1984; Gill et al. 1995; Allan and Southgate 2002). With the departure of traditional
Aboriginal burning practices, the fire regime throughout much of the spinifex grasslands has
changed from predominantly small patchy low intensity cool season fires to large, intense
summer fires (Latz and Griffin 1978; Burrows and Christensen 1991). This ‘boom and bust’ fire
regime is largely driven by rainfall, which drives the rate of fuel accumulation (Griffin 1984;
Allan and Southgate 2002), with lightning as the dominant ignition source in remote areas.
Changed fire regime has been implicated in the decline of mammals and some bird species, as
well as the contraction of fire sensitive plants such as cypress pine (Callitris spp.) and mulga
(Acacia aneura) (Burbidge and McKenzie 1989; Start 1986; Bowman and Latz 1993; van
Leeuwen et al. 1995; Ward et al. 2014).

Being remote, suppression capability is limited or non-existent, so fires generally burn until they
run out of fuel or the weather changes. In addition to potentially harmful ecological,
environmental and cultural consequences, wildfires are increasingly impacting remote
communities and mining and other infrastructure. Therefore, there is a need for pro-active fire
management to mitigate the impacts of wildfires. This includes planned burning. Fundamental to
successful fire management is the need to have a firm understanding of fire behaviour. To this
end, this paper builds on the work of others (Griffin and Allan 1984; Gill et al. 1995; Burrows et
al. 2009; and Sharples ef al. 2015) by presenting a revised spinifex grassland fire spread model
based on experimental fires conducted over almost three decades.

Methods

The current fire spread model was developed from 159 experimental fires carried out at various
locations in four arid ‘Interim Bioregionalisation for Australia’ (IBRA) regions (Thackway and
Creswell 1995) in Western Australia. Additional data from 7 fires in spinifex grasslands near Mt
Isa, Queensland, were kindly provided by Dr Paul Williams (Williams ef al. 2015). Latest
modelling incorporated original data from 83 experimental fires reported by Burrows ef al. (1991
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and 2009) as well as new data from 76 experimental fires conducted since 2009, of which 24
were conducted in 2015.

Field sites

Fire behaviour studies were conducted in hummock grasslands since the 1980s in the following
Australian desert IBRAs; Gibson Desert (95 fires), Great Sandy Desert (22 fires), Great Victoria
Desert (11 fires), Murchison (24 fires) and Mt Isa Inlier (7 fires). The location and biophysical
descriptions of these regions is provided by Burrows et al. (1991 and 2009), Williams et al.
(2015) and at http://www.environment.gov.au/land/nrs/science/ibra.

Experimental fires

The experimental method used to develop the current model is similar to that published by
Burrows et al. (1991 and 2009). Post 2009, experimental fires were lit by a line of fire ~100 m
long set at right angles to the wind direction. Spreading fires were monitored for distances
ranging from 60 m to 200 m. Fires that ignited but did not sustain spread were allocated a rate of
spread and flame height values of zero.

Data analysis

For discontinuous fuels such as spinifex grasslands, Gill et al. (1995) suggest three stages in the
formulation and application of fire spread models; (i) a domain analysis for the applicability of,
and limits to, inputs to a fire spread model, (i1) a likelihood of fire spread analysis (likelihood of
go or no-go) and (iii) application of a spread model to predict rate of spread once ‘go’ thresholds
were met. Generally, it was difficult to ignite spinifex when the clump profile moisture content
(including live and dead material) exceeded about 35-40% so analysis focussed on determining
the probability of a fire spreading once ignition was achieved. A logistic regression procedure
(SAS v9.3), which attempts to predict the likelihood of an event was used to model rate of spread
as a binary outcome variable; for those fires that did not spread (58 fires), rate of spread was set
as zero (no-go) and those that did spread (101 fires), rate of spread was set as 1 (go). The second
step in model development was to analyse only those fires that spread, setting rate of spread and
flame height as outcome (fire behaviour) variables and the other measured fuel and weather
variables as potentially predictor variables.

Results and Discussion

Once fuels were sufficiently dry to ignite (spinifex clump profile moisture content <~40%), wind
speed, fuel moisture content and fuel cover were found to be the most important variables
determining whether or not fire would spread. Using these variables, the probability, or
likelihood of fire spreading was best estimated by the applied logistic function of the form;

SI = 0.32(U)+0.27(c)-0.53(m)-4.23

Once thresholds for fire spread were exceeded (SI>0), then the relationship that best explained
variation in rate of spread was the linear function:

ROS = 140.26(U) + 35.14(1) + 27.44(c) — 185.11(m) + 1005 (R*=0.84)...Eq.1
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A more elegant but slightly less accurate model was one of the form:

ROS = (1%¢)"" *(U/m)”" (R2 = 0.82)...Eq.2

Where:

SI = Spread Index (likelihood of spread).

ROS = head fire rate of spread (m/h).

U = wind speed at 1.8 m-2 m (km/h) (exp. range 4-36 km/h).

= fuel load (t/ha) (exp. range 1.1-17.7 t/ha).

c= Fuel cover (live and dead spinifex) (%) (exp. range 5-80%).

m = Profile fuel moisture content (spinifex clump profile) (exp. range 12-31%).

Based on an earlier data set (that did not include the 2015 fires) Sharples ef al. (2015) reported
slightly different forms of the SI and ROS models being;

SI (U,m,c) =37(c) (U/m) and,

ROS(U, m, ¢) = 1.5SI(U, m, c) + 600.

The current ROS models, which include the additional (24) 2015 fires, incorporate fuel load and

fuel cover, improving predictions in circumstances where cover alone is not a reliable surrogate
for fuel load.

If ST < 0 then flames are unlikely to breach fuel gaps, the fire is unlikely to spread and the
prediction processes ceases, with the predicted ROS=0. If SI > 0, then flames are likely to breach
the fuel gaps and the fire is likely to spread. The relationship between SI and observed rate of
spread, including fires that did not spread, is shown in Figure 1. The ‘likelihood of spread’
model mis-classified 19% of non-spreading fires and 13% of spreading fires.
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Figure 1: Relationship between the likelihood of fire spread and observed rate of spread for all experimental fires in
spinifex grasslands, including fires that did not spread.
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As to be expected, wind speed was the most influential variable, explaining about 60% of the
variation in rate of spread. As indicated above both fuel load and fuel cover are now included in
the ROS model because the most recent experimental fires (conducted in 2015) showed that
meadows with similar cover often varied in fuel load depending on the height and bulk density of
the clumps; fuel load directly influenced flame dimensions therefore fire spread across
discontinuous fuel. Ambient temperature and relative humidity per se were not found to be
statistically significant factors affecting rate of spread, but influenced fire behaviour by affecting
the moisture content of the dead fuel component, which in spinifex meadows, varies significantly
with time since fire. Figure 1 also illustrates the importance of the two-step process in predicting
rate of spread in discontinuous fuels such as spinifex grasslands. The ROS model will perform
poorly when applied to a// fires (i.e., ‘go’ and ‘no-go’ fires) by; a) predicting that fire will spread
when it won’t and b) predicting high negative rates of spread under conditions when fires will
not spread. Figure 2 shows the relationship between observed and predicted rates of spread for
spreading fires only, showing that, tested against the experimental data, the model performs well
with no apparent bias. Figure 3 shows the relationship between predicted rate of spread and SI
for all fires (go and no-go), illustrating the importance of the two-step process in predicting rate
of spread in discontinuous fuels with multiple spread thresholds (i.e., other than moisture
content).
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Figure 2: Observed (experimental fires) and predicted (Eq.1) rate of spread for spreading fires.
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Figure 3: Relationship between predicted rate of spread (Eq.1) and the spread index (SI) for all fires. Note the large
number of fires with predicted ‘negative’ rates of spread when the SI is negative.
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Predicting head fire flame height

Head fire flame height was related to rate of spread by the saturation equation shown in Figure 4.
Flame height saturated at about 3-4 m above a rate of spread of about 2,000 m/h. In a fire
burning in dry, heavy fuels, flame height reached about 6 m, but generally flames were less than
4 m. Spotting (spot fires) was rare in the experimental spinifex fires with occasional short
distance spotting to 50 -100 m associated with high intensity fires burning under hot, dry
conditions with a mallee overstorey.

y = 0.7932In(x) - 2.8026
R? =0.6591
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Figure 4: Relationship between flame height and rate of spread. Maximum flame heights of 5-6 m were recorded in
heavy fuels (>12 t/ha).

Conclusion

Once fuels are sufficiently dry to ignite, predicting whether fire will spread, and rate of fire
spread, in discontinuous fuels such as spinifex grasslands is necessarily a two-step process. The
relatively simple models presented here have been derived from 159 experimental fires and
provide accurate predictions over the range of experimental conditions. Further research is
focussing on developing remote sensing tools to enable fire managers to effectively estimate fuel
cover, load and moisture content in remote spinifex grasslands.
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Introduction

The challenges facing fire and land managers grow increasingly wicked as more factors that
impact on their ability to manage wildfires need to be considered. Large numbers of influencing
environmental and anthropogenic factors influence wildfire risk, and their number and impact
only grow when longer time scales are considered. There is a need however to consider longer
time scales than a seasonal or annual planning horizon as a mix of risk reduction options (e.g.
suppression capabilities, land management, community awareness and education programs, and
land use planning) operate at different scales but all play their part in managing and reducing the
threat of wildfires.

This paper introduces a spatial decision support system (SDSS) that has been developed for the
Greater Adelaide region in South Australia through collaboration between researchers at the
University of Adelaide, the Research Institute for Knowledge Systems (RIKS), and the South
Australian Department of Environment, Water and Natural Resources. The SDSS is designed to
understand the spatial and temporal dynamics of wildfire risk over extended planning horizons
(20-50 years) by exploring the factors that influence the natural hazard, society’s exposure to the
hazard and how vulnerable society is to it.

The SDSS conceptualises, and subsequently models, risk as the combination of the natural
hazard, exposure and vulnerability (UNISDR, 2009). This extended abstract will provide details
on how each of these factors is modelled within the DSS, the consideration of risk as a function
of these components and the risk reductions included together with their influence on the factors
of risk. Finally, we will discuss the value and application of this approach, along with
improvements for its future development and use.
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Wildfire risk modelling

The modelling of risk is considered across three factors, hazard, exposure and vulnerability, also
called the risk triangle (Crichton, 1999). Treating each of these individually and simulating their
spatial and temporal dynamics improves the understanding of long term wildfire risk. It also
allows for the consideration of risk reduction options to be implemented across each of these
factors, targeting specific aspects of the risk.

Exposure modelling

Within the SDSS exposure is considered dynamically with the inclusion of a land use allocation
model (RIKS, 2015) and building stock information retrieved from the NEXIS database (REF).
The land use model operates on a square grid of 100m cells. The model is cellular automaton
(CA) based and calculates the state of each cell within the overall growth of the region of interest
(Greater Adelaide for this study), driven by population and economic demands (White and
Engelen, 1993). The CA model stochastically allocates the land use demands at an annual time
step based on the land uses in the previous time step and the spatially dependent, attractive and
repulsive forces that land uses exert on each other within a close neighbourhood. There are three
additional site specific factors that influence the potential for a land-use to change, namely
suitability, zoning status and accessibility (van Delden et al., 2007).

Figure 1 Main drivers of the Greater Adelaide land use model, adapted from van Delden et al., 2011

Suitability relates to the physical aptness of a cell to support a particular land use and its
activities. Examples of this include soil type or slope. Suitability is represented as one map per
land use function modelled. Zoning, similarly represented as one map per land use function,
specifies when a cell can or cannot be changed to a particular land use for various planning
periods and how strict or flexible the policy is. Accessibility expresses the ease with which the
activities associated with each land use can fulfil its requirements for transportation, mobility or

any other infrastructure need based on its proximity to networks (van Delden and Hurkens,
2011).
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To allow differentiation between building types and the density of the building stock, the land
use information is complemented with building stock data extracted from the NEXIS database.
Building types from NEXIS are linked to urban land uses, residential, rural residential,
commercial, public institutions including education, and industrial, for Greater Adelaide. To
consider building standards and bushfire risk, a split in the NEXIS database between pre and post
1980 is used with all buildings built prior to 1980 considered not built to standard, and all
buildings built post 1980 are assumed built to a standard based on the bushfire attack level
(BAL, AS-3959:2009). All post 1980s buildings are built to one of three of the BAL, and as such
would withstand that design intensity in a fire event. This results in each cell having a number of
buildings of a specific construction type (BAL) for each urban land use class. Modelling into the
future involves parameters that account for changes in the number of buildings and their BAL
value. The change in buildings is driven by a renewal rate (%, per building type, per year, per
Local Government Area (LGA)), representing the rate with which the building stock will be
renewed, and the expansion of the building stock due to socio-economic developments as
modelled by the land use model. All new builds are assumed to meet the standards for the year
they are built, and hence are assumed to be constructed to a BAL value depending on the fire
intensity at that location at the previous time step.

Also contained within the building stock model are the exposed value (the total structural value
for all urban land uses, and total contents value for the two residential classes). These values
come from NEXIS and are aggregated across LGAs. The building stock model then divides the
total values by the total number of buildings per LGA to determine the exposed value per cell
which is subsequently used in the assessment of risk. Agricultural values are also considered by
using NEXIS information regarding the value of agriculture, horticulture and livestock land
across Greater Adelaide, and associating these values with their respective land use cells.

Hazard modelling

The wildfire hazard modelling builds on the TASBRAM approach (Taylor and Wallace, 2011)
and considers the likelihood of an event occurring in a particular cell based on three main
components: ignition potential, fire behavior, and suppression. Ignition potential is calculated
based on a combination of human factors and vegetation types. Fire behavior consists of head
fire intensity, fuel load and rate of spread. Suppression capabilities relate to how quickly a fire
can be detected and suppressed.

Fire behavior is expressed as energy intensity per cell (kW/m). The calculation of fire behavior is
carried out differently for grassland and woodland fire. Fire behavior for grassland fuels
considers the heat of combustion (H), fuel load and rate of spread (ROS) (for particular grass
types (Cruz et al., 2015)). Woodland fire behavior is based on the forest fire danger index FFDI,
the fuel load and the rate of spread (Cruz et al., 2015). Climatic factors that influence ROS, such
as relative humidity and temperature are linked to long term climate scenarios.

Suppression is an input layer within the model that accounts for the time taken for resources
(ground and air) to reach an area and apply initial attack derived from overlays of weighted
factors such as aircraft and brigade response time, accessibility and detection. In its current form
for Greater Adelaide, this is a static layer (Figure 2) with the option to update it to account for
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increased suppression capabilities into the future. It is considered as a probability map of the
initial attack being successful and therefore having no significant consequence, the higher values
indicating greater suppression capability.

Figure 2 Suppression layer for Greater Adelaide SDSS

The ignition potential consist of three contribution factors, which are summed to obtain an
overall ignition potential (i.e. road proximity, land use, and vegetation type). For each of the
three aspects, a value is attributed to the classes on the map. The ignition potential of vegetation
types and land use have been statistically derived from comparison between the mapped factors
and historic fire data. This allows each cell to be given a value of land use and vegetation type
factors that contribute to ignition potential. Land use information is obtained from the dynamic
land use change model, while vegetation types are taken from a (static) vegetation map.
Furthermore, a one cell (100 m) band along the road network is taken to calculate the impact of
road proximity on ignition potential.

Vulnerability modelling

The vulnerability of buildings is based on the standard they are built to. This information, as
discussed previously in the building stock model, considers the bushfire attack level the assets
would have been constructed to, based on their age and the modelled fire intensity at that
location. The vulnerability calculation considers the constructed strength versus the modelled
intensity in a cell to determine whether the asset would be subject to damage. If the intensity is
greater than constructed strength it is assumed that the entire asset is lost. For agricultural land it
is assumed that the entire value would be lost to a fire event.

Long-term risk modelling

Risk is modelled as the average annual loss which is calculated by multiplying the bushfire
likelihood (hazard model), the exposed assets and their associated vulnerabilities (from exposure
and vulnerability modelling). This produces dynamic maps showing the changing risk from year
to year based on the dynamics of bushfire likelihood, influenced by climate and anthropogenic
ignition potential and exposure, driven by economic and population demands. Figures 3a — 3¢
show outputs for the Greater Adelaide SDSS, Figure 3a shows the risk in 2013 (start date of
simulation), Figure 3b, the risk in 2050 for a scenario of central urban growth, reducing risk in
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peri-urban and rural zones, and Figure 3¢, the risk in 2050 for a scenario of agricultural and rural

residential growth.

Figure 3a — Risk in 2013

Figure 3b — Risk in 2050 (Scenario 1)

Risk reduction options
Several risk reduction options are also considered, and can be implemented within the SDSS to
test their effectiveness in reducing risk, along with considering their impact on other policy
indicators, including benefit cost assessments. Risk reduction options occur across the
components of risk, allowing planners to consider various options or a mix of options to achieve
risk reduction targets. Table 1 highlights the options currently considered within the SDSS, and
where they influence the calculation/modelling of risk.

Table 1 — Included risk reduction options

Figure 3¢ — Risk in 2050 (Scenario 2)

Risk Reduction
Option

Description

Influence on Model

Planned burns

Planned burns can be implemented within the model,
allowing the modeler to set the location and frequency of
burns. This alters the time since last burn, and
subsequently the fuel load and intensity of wildfire in a
cell for a particular year.

Change time since last fire, decrease
fuel load.

suppression.

Land use Several options through the land use model can influence | Implement zoning policy restricting or
planning overall wildfire risk. The magnitude and location of redirecting development. Influences
developments can be influenced through zoning, exposure and ignition potential.
changing the assets at risk. The ignition potential can also
be influenced by land use planning.
Building Code Building codes changes can decrease the vulnerability of | Change shape of vulnerability curve for
Changes buildings. This shifts the vulnerability curve, requiring a certain developments.
greater intensity to create the same damage and can be
applied to new developments and retrofitted within LGAs
with an associated cost.
Suppression Increase brigade or aircraft capabilities with an associated | Updated suppression layer
Capabilities cost. This is considered as a new input map for

Arson reduction

User has the option to enter cost of program per
inhabitant as well as expected benefit in terms of
reducing ignition potential in rural residential land use.

Reduces values of land use ignition
factor

Policy indicators

Several policy indicators are also included to allow for a consideration of long term risk, and the
effectiveness of risk reduction measures. Currently most indicators focus on risk and cost,
however, the SDSS is set up as a modular framework, and there is the option to expand this
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further, and consider a broader definition of risk (incorporating more factors of exposure and
vulnerability particularly social and environmental), along with broader strategic indicators
relevant to land use planning.

The SDSS currently provides indicators reflecting the annual cost of wildfires in a spatially
explicit manner such as Figure 3 and aggregated across LGAs displayed with plots of costs into
the future along with tables for each LGA and year. With the implementation of risk reduction
measures similar tables and graphs report the difference between a reference scenario (with no
reduction measures) and the implemented policies. Total cost of risk reduction measures
annually are also reported, on along with a cost benefit analysis considering the direct annual
costs of wildfires and the annual cost of risk reduction methods.

Conclusion

This abstract provides a brief overview of a wildfire risk SDSS currently being developed for
Greater Adelaide. The SDSS takes wildfire risk analysis into a more complex and comprehensive
space. The analysis of risk reduction can be coupled with cost-benefit analysis and socio-
economic-environmental values and impacts to provide a more holistic view of the various mixes
of risk reduction options. Given wildfire risk management has very strong social and
environmental dimensions, it is hoped the SDSS can lead to more transparent and robust policy
settings and decision making.

Several improvements are also being considered to provide a better representation of wildfire
risk. These include the dynamic modelling of vegetation, and hence fuel load based on climate
change and management practices and the dynamic modelling of planned burns based on risk
indicators instead of manual inputs. Also considered as a significant improvement would be the
integration of more advanced fire spread dynamics for improving the modelling of fire behavior
and the spatial dependency of wild fire risk. Inclusion of a wider range of wildfire risk mitigation
actions (e.g. community engagement) will make the SDSS more relevant to policy decision
analysis.
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Introduction

Meteorologists have understood for many decades the importance of upper atmospheric (here
taken to mean the upper half of the troposphere) processes at a synoptic scale in driving surface
weather, for example the development and movement of surface low pressure systems is closely
dependent on upper level dynamics (e.g., amongst very many others Dowdy et al 2013). In the
last several decades, it has become more widely apparent that mesoscale (scale of kilometres to
tens of kilometres) surface features are intimately linked to the activity of such upper level
features as the jet stream. It is now understood that severe thunderstorm development often
occurs in conjunction with the movement aloft of the right exit region of a jet (Uccellini and
Johnson 1979), as can other wind and precipitation extremes (Browning and Golding 1995,
Skerlak et al 2015 and references therein). There has been substantially less published work
relating upper tropospheric patterns and activity to surface fire danger. Schaefer (1957) and
Schroeder et al (1964) drew a connection between high fire danger or “blow-up” fire conditions
and the proximity of the jet stream, while some other studies (Brotak and Reifsnyder 1977,
Newark 1975, Numchuk 1983) linked other, sometimes related, upper tropospheric synoptic
patterns to the occurrence of dangerous fires. In the last decade, in particular, a number of
studies have documented the role of upper tropospheric processes in mesoscale weather relevant
to fire activity and fire danger. Mills (2008a and 2008b) highlighted the importance of water
vapour dry bands as an indicator of possible heightened fire danger due to descent to near-
surface levels of dry, high-momentum air. Other studies (Zimet et al 2007, Kaplan et al 2008,
Fox-Hughes 2012) have examined the processes operating to bring such airmasses to the surface
in fire weather events.

This paper discusses a set of guidance tools used to assist in the decision to update forecasts on
the morning of 06 October 2015, a decision that observations of the weather on the day showed
to be well-founded. The guidance tools were based on research cited above documenting the
connection between upper tropospheric and surface phenomena.

Event description

Tasmania historically has experienced a summer-autumn fire season (Luke and McArthur 1978),
but has been subject to increasing numbers of dangerous springtime fire weather events in recent
decades (Fox-Hughes 2008). Three such events occurred during October 2015, including 06
October, the most serious of the three.
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Fig. 1. Australian region mean sea level pressure chart
at 0000 UTC 06 October 2015.

Severe to locally extreme fire danger occurred in
southern Tasmania on 06 October 2015, with the
passage of a cold front (Figure 1). Forecasts
issued the previous day indicated that fire danger
was expected to be Very High across most of
eastern Tasmania and Severe in eastern and
southeastern districts (Figure 2), consequently
fire weather warnings were issued by the Hobart
office of the Bureau of Meteorology.
Examination of the modelled upper atmosphere
on the morning of the 6", however, suggested
strongly that conditions would be worse than

those forecast the previous afternoon. As a
consequence, forecasts and warnings were

updated, an action that proved correct in the light of events.

Discussion

Visual Weather (VW), a software package from
IBL, is the visualisation tool introduced into the
Bureau of Meteorology in the last several years.
Among numerous other capabilities of VW is the
capacity to plot vertical cross-sections of
atmospheric fields from numerical weather
prediction (NWP) models and to overlay different
types of data. One of the authors (MW) has
developed VW “maps” (displays) allowing
moveable cross-sections of potential vorticity, wind
speed, relative humidity and vertical motion. These
assist forecasters to diagnose the possibility of
transport of upper tropospheric, and possibly
stratospheric, air closer to the surface, where
processes such as thermal or turbulent mixing can
act to further transport the air to the surface,
influencing fire activity if any fires are present
(Mills 2008a). Another author (AM) has developed
maps visualising the dynamic tropopause, allowing
comparison of model forecasts with satellite water
vapour imagery, thereby validating the performance
of numerical model guidance.

Figure 2. Forecast forest fire danger ratings for 06
October for Tasmania, issued on the afternoon of
05 October. Green= Low-Moderate, blue= High,
yellow = Very High, orange = Severe and red =
Extreme.

Two of the authors (AM, PFH) were on duty in the BoM Hobart office early on the morning of
06 October as a cold front approached Tasmania. Satellite water vapour imagery (Figure 3)
clearly indicated the presence of a dry band associated with the front, suggesting the possibility
of a period of further increased fire danger near the passage of the cold front. Overlaying the
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Figure 3. Himawari-8 water vapour image at 0000 UTC 06 October
2015. A dry band (grey-orange) lies west of Tasmania, approaching the
state. Superimposed are contours (in yellow) of height of the 1.5 PVU
surface in thousands of metres.

dynamic tropopause diagnostic from
the 1200 UTC run of ACCESS-R,
(the operational Australian region
NWP model of the Bureau of
Meteorology) showed a good
overlap of the modelled tropopause
depression with the WV image
location of the dry slot, suggesting
that ACCESS-R had captured
essential aspects of the event. Cross-
sections of the fields discussed
above through the line shown in
Fig.4 were then examined to assess
the likely impact of the dry slot on
the surface weather (Fig. 5). Fig.

5(a) displays potential vorticity (PV) in PVU (10°m?s'kg™), with values greater than 2 PVU
shaded purple, and the 2 PVU contour (often used to delineate the tropopause) shown as a thick
black line. Stratospheric air has high PV, and a tropopause depression corresponding to the
approaching trough west of Tasmania is clear in Fig. 5(a), with a fold extending towards
Tasmania. The fold extends to at least 700 hPa, and there is evidence of high PV air extending to

850 hPa. Further, Fig. 5(b) shows strong descent on the
eastern side of Tasmania, in the lee of the westerly
airflow, the result of mountain wave activity. An
ascent-descent couple can also be seen corresponding to
the tropopause fold. Dry air has descended to around
850 hPa at this point. Finally, Fig. 5(c) (showing wind
speed in knots) indicates the approach of the jet
associated with the trough. It also indicates that high
momentum air has likely descended in the tropopause
fold, with a lobe of 55 kt air evident as low as 825 hPa.
Subsequent time steps (not shown) displayed similar,
and supporting, information. This information strongly
suggested that dry, high momentum air had descended
in the tropopause fold to low levels in the atmosphere to
the west of Tasmania, and that there was a high
likelihood that it would be transported to the surface
over southeastern Tasmania via mountain wave activity
during the afternoon. While we believed ACCESS-R
had in general, captured the state and development of
the atmosphere well, modelled surface dewpoint
temperature and wind did not reflect a rapid and
substantial change that the upper level modelling
suggested. We believed that the model surface
parametrisations had not sufficiently represented the
changes aloft. On the basis of the upper level
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Fig. 4. ACCESS-R modelled MSLP
(black solid lines, in hPa) at 0300
UTC 06 October, from the 1200 UTC
run of 05 October, with MSLP-500
hPa thickness (blue dashed lines in
geopotential dm). The arrow
defines the cross-sections displayed
in Fig. 5.
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(a)

(b)

(c)

Fig.5. ACCESS-R cross-sections, valid 0300 UTC on 06 October from the 1200 UTC 05 October model run,
through the region defined by the arrow in Fig. 4 of (a) PV (units PVU) (b) RH (shaded: orange=dry,
green=moist) and vertical motion (red=up, blue=down, units cms™) (c) windspeed in kt, with a legend
inserted on the right of the image. The (model) topography of Tasmania is displayed in black, on the
bottom-right of the cross-sections.
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diagnostics, we updated the forecast to indicate an increase in wind and significant decrease in
surface moisture during the early afternoon ahead of the change. Subsequent events showed this
to have been a good decision. Dewpoint temperature at Hobart Airport fell to as low as -9 °C for
a period in the early afternoon, with ten minute mean wind speed increasing to 52 kmh™ (28 kt)
at times, resulting in an Extreme forest fire danger rating. Several other southeast Tasmanian
weather stations reported Extreme fire danger, and Very High to locally Severe fire danger
occurred across eastern Tasmania.

Conclusions

Not one diagnostic or even set of diagnostics can ever completely characterise the state of the
atmosphere, and provide guidance to forecast even a limited range of weather phenomena. When
a forecaster has in mind a conceptual model of how the atmosphere may evolve, however,
particular sets of diagnostics can provide very useful guidance, and assist greatly in the decision
to warn or not warn for phenomena. The diagnostic tools presented in this paper provide a useful
way of visualising the possible influence of the upper troposphere on surface weather conditions,
and help in the decision to warn for dangerous fire weather. Certainly, these diagnostics assisted
greatly in the decision to upgrade fire weather warnings in Tasmania on 06 October 2015.
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Introduction

Bushfire risk across Australia continues to grow despite the application of planning, building,
land management and emergency management measures aimed at protecting our communities.
Australians have historically maintained a strong desire to settle in bushland environments and
this behaviour is unlikely to change into the future, particularly with recent demographic trends
resulting in increasing population growth at the metropolitan fringe and within townships.
Decision making frameworks have been developed in the areas of building construction as well
as land and emergency management however, our approach to land use planning lacks the
application of a consistent and effective decision support framework. The National Strategy for
Disaster Resilience identifies land use planning as the most potent policy leaver available, whilst
the Council of Australian Governments’ (COAG) 2004 bushfire enquiry ranks it the single most
important mitigation measure in preventing future disaster losses (COAG, 2009; Ellis et al.,
2004). The methods adopted in applying land use planning approaches varies between local
governments, regions and States. This, coupled with the challenges and conflicting interests
confronting contemporary planning activities underscores the need for a rigorous national
approach to the manner in which bushfire risk is assessed with regard to the formation of
planning policy, planning strategy (planning schemes and other planning instruments) and
development assessment. This paper introduces the Bushfire Risk Rating System for Land Use
Planning which seeks to fill this gap and effectively enhance community bushfire resilience
across Australia, both with respect to existing and future development risk.

Land Use Planning in PPRR

There remain a number of resilience and mitigation measures which play a role in the prevention,
preparation, response, recovery (commonly referred to as PPRR) process as it relates to bushfire
risk. The formation of legislation and regulation provides the legal framework that guides
activities across the PPRR spectrum whilst governance approaches often set the tone within
which PPRR processes are executed. Land use and infrastructure planning, regulating the use of
land and the manner in which communities and people are placed across the landscape,
maintains a strong influence on community exposure to natural hazard risk. Building control
measures (such as the bushfire attack level (BAL) assessment framework), land (fuel)
management and emergency management likewise sustain critical elements. Along this pathway,
the deferral of residual risk is distributed which eventually ends with our communities and the
insurance industry, refer to Figure 1. Shared responsibility is a notion present within much
dialogue surrounding risk and resilience processes. The intrinsic linkage between each of these
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elements when implemented in combination dramatically increases the ability of communities to
withstand bushfire.

Figure 1: The role of land use planning in the PPRR spectrum
Context of Land Use Planning

The role of land use planning in contemporary contexts is many and varied however, there is an
established framework to guide the implementation of planning policy, strategy and development
assessment. These can be divided into three overarching categories including policy frameworks
and principles, (strategic) plan preparation processes and importantly, resilience planning
techniques (MWH Global, 2015). The tools which aid the implementation of these approaches
includes risk / hazard mapping, spatial controls (such as zoning) and precincts, local plans,
overlays, structure planning and infrastructure provision (MWH Global, 2015). In addition to
these land use planning instruments are the risk treatment approaches of maintaining the status
quo (do nothing), defend, accommodate and retreat, each of which involves a varying level of
action such as risk avoidance, risk reduction or mitigation, risk transfer or risk acceptance

(MWH Global, 2015).

In recognising the value-add of land use planning within the above contexts, it is likewise
pertinent to consider the various drivers and challenges which often come to bear in planning
policy, strategy and development assessment processes. Norman et al. (2014) identifies that
further development is continuing in high-risk bushfire prone areas across Australia. The
reasoning behind this lies in the drivers and challenges with which land use planning is involved.
Existing use rights and community expectation for example, are critical political issues which
planning activities commonly encounter and which influence the nature of planning approaches
in many instances. Existing use rights are commonly conferred via spatial controls such as
zoning, and decisions regarding zoning across Australia are continuing to be made without
acceptable consideration of bushfire risk. Zoning controls guide the manner in which
communities are expected to expand, the decisions made with regard to where and how growth
takes place are done so on the basis that natural hazard or ‘constraint’ overlays within planning
instruments will effectively mitigate risk.

This approach continues to defer much of the consideration of risk to the development
assessment (site-based) stage of the process, by which time the powerful ability of land use
planning controls to mitigate community exposure to risk, and enhance bushfire resilience, are
significantly fettered. These current approaches perpetuate an over-reliance on site-based
assessment to the detriment of the implementation of more effective spatial controls which
regulate how, where and why we place people and land uses across the landscape (QRA, 2012).
The extent to which this pattern prevails varies across the country, on a State-by-State basis as
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well as between municipal / local governments. Notwithstanding, it is a consistently prevailing
issue which must be addressed if we are to appropriately utilise land use planning tools to
leverage community bushfire resilience. There remains a gap between understanding the need for
risk assessment and the implementation of spatial controls, recognising that an overlay approach
in isolation can only achieve a finite level of resilience, and excludes consideration of existing
community risk. One of the more significant causes responsible for the continued increase in
bushfire risk exposure includes the absence of a decision support framework which provides land
use planners the ability to justify and rationalise spatial controls to respond to risk using an
evidence-based approach.

A Decision Support Framework: The Bushfire Risk Rating System (BRRS)

A decision support framework to support land use planning activities to reconcile bushfire risk
will substantially improve the application of land use planning policy and strategy mitigation
measures. The Bushfire Risk Rating System (BRRS) approach seeks to fill the current gap
between undertaking risk assessment practices and implementing a suite of appropriate land use
controls aimed to reduce risk exposure to both existing and new communities.

Figure 2: The process concept of the Bushfire Risk Rating System (BRRS) for Land Use Planning

The decision support framework comprises three components which consider bushfire risk
specifically in a land use planning context. At present, the approach adopted across Australia
relies on an assessment of bushfire attack level (BAL) classifications for certain buildings and
structures. Whilst this approach allows land use planners in some cases to understand the risk
profile as it applies to buildings, there remain a host of planning-related issues which contribute
to that risk profile which a BAL assessment and overlay code do not address. The issue in this
respect is that whilst building provisions provide ‘how’ development may occur, it does not
consider if development ‘should’ occur — this is the role of the planning system. The BRRS
approach commences with an understanding of the risk context both in terms of the fundamental
characteristics of the community as well as the related fire history of the region. An assessment
of likelihood is then conducted based upon the probability of arrival of the fire front based on
desire fire conditions and utilising multiple ignition points in a gridded ignition approach using
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fire modelling software, such as Phoenix RapidFire. The likelihood or probability of ignition at
this point in time is not a concept which can be reliably estimated. Another alternative would be
the adoption of an annual exceedance probability (AEP) approach based on forest fire danger
index (FFDI) data at designated intervals such as 20 per cent, 5 per cent, 2 per cent and 1 per
cent, similar to that adopted for flood. However, as this approach is weather-based rather than
event-based, it may not be considered a true reflection of likelihood.

Consequence assessment relates to the scale of impact if a bushfire were to occur. This is
variable across Australia as the characteristics of fire weather and fuel loads vary. To this end, an
assessment of fire line intensity, incorporating fuel load and type, topography and FFDI, can
derive a somewhat reliable picture of hazard, as opposed to risk. The CSIRO-developed bushfire
hazard mapping methodology for Queensland is representative of such an approach and
incorporates categories of hazard described as low, medium, high and very high and incorporates
a standardised 100m wide hazard ‘buffer’ surrounding the hazard source (CSIRO, 2014). There
remains a direct correlation between this hazard-based mapping approach and potential
consequence. The 100m wide buffer reflects the methodology of AS3959-2009 Construction of
Buildings in Bushfire Prone Areas, principally in terms of the potential extent of radiant heat
exposure and ember attack (CSIRO, 2014; Standards Australia, 2011). Ember density remains a
challenging issue. It is estimated that ember attack is responsible for between 80 to 90 per cent of
buildings lost as a result of bushfire, with an estimated 80 per cent occurring within 100m of the
hazard source (CSIRO, 2014). In a building context, it may be acceptable to focus on that 80 per
cent in terms of regulating building responses however, land use planning assessments maintain
the scope to cast a wider net in terms of considering the potential impact of ember attack and
how land use planning policy and strategic decisions are made in response. The two processes
can and should function independently, but maintain important points of correlation where
required to maintain synergy across regulatory frameworks.

A BRRS score, similar in concept to that of a BAL classification, can then be derived as a result
of the likelihood and consequence equation. This score is intended to be represented spatially
(i.e. mapped to support policy and strategic planning processes), highlighting the proportion and
location of development occurring in the various risk exposure classifications. In this sense, the
BRRS classifications include R1 (Low Risk), R2 (Moderate Risk), R3 (High Risk) and R4
(Extreme Risk).

As previously highlighted, fuel
type and fuel load as well as fire
weather varies across the
country and as such, the BRRS
classifications also must vary
based upon prevailing 2 per
cent (50 year) AEP of FFDI.
This approach maintains
consistency with that of
AS3959-2009 whereby the
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application of varying risk spectrums based on FFDI categories is then applied. This approach
recognises the risk profile context which may exist.

Following the risk assessment component, the land use strategy and policy development
component of the decision support framework includes an analysis of the risk assessment
outcomes. Where risk is a function of exposure, vulnerability and tolerability, there remain a
number of important social contexts which must be considered. Those characteristics which
indicate vulnerability at a community level is but one of these. This may include the economic
profile of the community, demographic characteristics such as the proportion of infirm, elderly
or young people, car ownership (important for self-evacuation), etc. Likewise, the extent and
nature of any vulnerable land uses should be considered and may include hospitals, nursing
homes and retirement facilities as well as child care and educational facilities to name a few. In
addition, the vulnerability of populations to self-evacuate must be examined which includes
potential for isolation or other evacuation challenges.

A tolerability assessment then analyses the level of tolerance a community may sustain with
regard to responding to bushfire risk. This includes the level of community awareness which can
be captured by community survey of appropriate sample size as well as matters such as exposure
to past bushfire events, water availability, extent of fuel and land management practices routinely
undertaken, ability for early warning, access to neighbourhood safer places, extent of compliance
with building construction and landscaping provisions (relevant in the consideration of house-to-
house ignition) and fire assets such as firebreaks, trails and towers. The exposure, vulnerability
and tolerability context of the BRRS decision support framework is supplemented by the input of
the ‘risk evaluation tool’, which has been developed to support the analytical integrity of the
assessment. The analytical approach adopted

allows for a ‘traffic light’ assessment approach of

data relating to exposure, vulnerability and

tolerability across individual townships and

communities, as illustrated at Figure 4. This risk

evaluation tool has been successfully applied in a

flood context and is equally capable of addressing

bushfire risk is the same capacity, but has not yet

been formally tested.

The analytical capability of this tool as an input to
the BRRS decision support framework provides
the necessary level of rigour to quantify and
qualify land use decisions in response to
community and political sensitivities. It also
offers the capacity to adjust the degree of
mitigation approaches required depending on the
individual nuances of community-based
vulnerability and / or tolerability and so builds-on

from the one-size-fits-all methodology currently Figure 4: An Excerpt from the Exposure,
being used. Vulnerability and Tolerability Evaluation Tool
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The output of the evaluation process enables the identification of a suite of potential spatial
controls under the categories of retreat, avoid and accommodate. Included within this suite of
potential controls to avoid, mitigate, transfer or accept the level and type of risk that has been
identified. A suite of zoning, risk precincts, local area planning, overlay and structure planning
recommendations are then produced for analysis by planning authorities. Specifically, we must
move away from the concept that an overlay code in isolation is a sufficiently robust approach to
reconcile bushfire risk. As evidenced above, there is a considerable body of work that must be
undertaken in advance of overlay code compilation to address the manner in which our
communities are forecast to grow and expand.

Conclusions

The land use planning system is Australia currently lacks a decision support framework to
evaluate and guide the spatial context of our communities in the face of bushfire risk. This paper
presents a sound framework capable of national-level application to support land use planning
decision-making to enhance community-level resilience, using data analytics and risk metrics to
inform spatial responses. Noting that development in high risk locations continues to occur
across the country and with a substantial level of existing risk, the need for a quantified support
framework to guide planning decisions is essential. The BRRS framework seeks to deliver in the
application of such a process using a risk and evidence-based approach.
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Introduction

The importance of understanding uncertainty in the fire modelling process has been highlighted
and discussed in the literature for a number of years (Preisler et al., 2004; Cruz, 2010; Finney et
al., 2011). However, probabilistic modelling frameworks such as FireDST (French et al., 2013)
or SABRE (QFES, 2015) have only recently begun development. Understanding the uncertainty
of input variables to these ensemble-based frameworks enables a better understanding of
uncertainties in fire prediction. Since much of the variability of fire spread can be attributed to
the variability of wind flow (Cruz and Alexander, 2013), recasting wind fields in a probabilistic
light will not only better suit emerging ensemble-based fire prediction methods, but will also
provide more comprehensive information for the fire modelling and decision making processes.

To develop probabilistic approaches to wind modelling that will complement the current physics-
based models, we must understand the impacts of physical features such as surface roughness on
the statistical representation of wind fields. Surface roughness may be characterised at different
scales, from vegetation to topography. The impacts such features have on wind flow are well
studied in the physics literature using computationally demanding mathematical models
(Finnigan, 2000; Wood, 2000; Simpson ef al., 2013), but complex dynamics are not captured in
current operational models (Forthofer ef al., 2014) due to the constraints of real-time (or near
real-time) fire prediction. For instance, it has been shown that wind direction prediction errors of
up to 180° can occur in certain areas of complex terrain. Moreover, the deterministic models
currently used are not capable of capturing the inherent probabilistic nature of wind flow,
particularly in areas of complex terrain where small variations in wind speed or direction can
have significant impacts on fire spread and behaviour.

In this paper, wind fields are recast in probabilistic terms by considering the distribution of wind
directions observed at points in the landscape. Unconditional wind direction distributions, i.e. all
possible wind directions observed at a point under all conditions, are considered as well as
conditional distributions — wind direction distributions observed at a point in the landscape under
a specified prevailing wind direction.

Data and methods
The Kolmogorov-Smirnov (KS) statistical comparison test (Gosset, 1987) is used to compare

wind direction distributions observed across different vegetation and topographic conditions.

Two case studies are presented in this paper. Firstly, the KS test is used to compare wind
direction distributions observed across the fire-affected Flea Creek Valley, Brindabella National
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Park NSW. Distributions observed after four years of regrowth are compared with similar
observations after eleven years of regrowth. The second case study, at the National Arboretum
Canberra, is used to determine whether there is a significant difference between wind directions
observed on similar topography but with contrasting vegetation, and those observed in similar
vegetation but with varying topography. The results will provide insights into the impacts of
varying surface roughness on wind fields across complex terrain.

Results

Despite visually similar wind direction distributions, results of the KS test suggest that post-fire
regrowth across Flea Creek Valley has induced a significant change in the wind fields
experienced at the surface. A single exception to this result occurs on the valley floor when
considering conditional wind directions, that is, given a WNW prevailing wind. In this case, the
seven years of further post-fire regrowth has had no significant effect on the conditional wind
direction distribution experienced at this point.

At the National Arboretum Canberra, the results of the KS test show a significant difference
between wind fields observed on a clear leeward slope to those experienced on the same
topographical aspect but with vegetation. Inspection of the wind direction distributions suggest
that this difference is highly structured, and indicates the prevalence of lee-slope eddies in the
presence of vegetation.

Significant KS test results are also obtained from the National Arboretum Canberra when
considering wind fields in a uniform Radiata pine stand, but across varying topography. Visual
inspection of the wind direction distributions suggests the presence of topographical thresholds
to forming dynamic wind behaviour across the landscape.

Conclusion

Despite its sensitivities, results from the Kolmogorov-Smirnov test have shown that both
vegetation and topography have significant impacts on wind direction in areas of complex
terrain. However, in areas where wind direction is sufficiently varied, this impact becomes less
obvious. The introduction of sufficient vegetation, i.e. surface roughness, on leeward slopes
appears key to the development of wind reversals. Furthermore, topographical thresholds in
relation to prevailing wind direction also appear to exist when considering the generation of lee-
slope eddies.

These findings have important implications for bushfire modelling, particularly in light of recent
research into extreme fire behaviours, when current deterministic modelling approaches are less
capable of capturing key wind dynamics. This paper also highlights the potential for hybrid wind
modelling approaches, which complement current deterministic physics-based models with
probabilistic information. Such hybrid approaches enable quantification of the potential for the
occurrence of dynamic or extreme fire behaviour in areas of the landscape, without any increase
in the computational demand of modelling frameworks.
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Extended Abstract

The Australasian Fire and Emergency Service Authorities Council (AFAC) and Forest Fire
Management Group (FFMG) have over the last three years been undertaking a major project
called the National Burning Project (NBP). Under this project, GHD recently completed
preparation of National Guidelines for Prescribed Burning. These guidelines are focussed on
the operational planning and burning operations implementation phases of prescribed
burning. Due to the great variety in climate, landscape, vegetation and fuel types across
Australia, the guidelines are necessarily developed at “principles’ level , establishing 17
principles which cover the process of planning a burn, preparing for its implementation,
executing the burn, and conducting post-burn assessment. Each principle is supported by
some guidance material on considerations and practice. The guidelines contain 9 case studies
from around Australia, showcasing the systems and techniques applied by Australian land
and fire managers in planning and conducting burning operations in diverse range of fuel
types, from savannas and spinifex grassland in north and central Australia, to a range of
forests (including those at the urban-bushland interface), shrublands and button grass
moorlands in southern Australia. These case studies illustrate how tools such as fire
behaviour prediction guides are used and how operational knowledge-based systems are
applied. The case studies provide knowledge-rich, practically-focussed resource material for
those developing burning guides for local fuel types and landscape settings. The guidelines
are being used by AFAC as a framework for the development national prescribed burning
training materials, and are already being used in WA as a framework for State-level
prescribed burning guidelines development. In this conference paper I outline the key
features of the national prescribed burning guidelines and case studies.

Prescribed burning in Australia — some context

Deliberate, purposeful biomass burning by humans has a history spanning more than 40,000
years in Australia. For Aboriginal people throughout Australia, the use of fire was central to
their way of life and obligatory to meet their spiritual and cultural obligations to care for
country. The use of fire was their principal means of shaping and managing local
environments to sustain a diversity of food sources which were abundant, predictable (in time
and space) to locate, and convenient to access and acquire through the year and despite inter-
annual climate variability'. Their use of fire also provided safe areas for living, facilitated
navigation and travel, was a means of communication, facilitated tracking of animal
movement/location and hunting methods, and provided heat for a range of purposes and light.
These traditional burning practices only continue in certain areas where knowledge of

" Thereis a significant body of literature examining the issue of traditional Aboriginal burning practice, including a range of
studies conducted at regional and sub-regional scales. Among the more comprehensive works on the subject is The Greatest
estate on Earth - How Aborigines made Australia (2011) by historian Bill Gammage (Adjunct Professor at the Australian
National University) which brings together a wide array of evidence on the subject of how, where and why Aboriginal people
modified and maintained Australian landscapes with fire.
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traditional practices has been retained, and where traditions involving burning remain a part
of contemporary lifestyles of the traditional owners. There is widespread acknowledgement
that Indigenous Australians continuous and frequent use of fire in the landscape contributed
significantly to shaping the biodiversity of Australia as it existed prior to European
settlement. In southern Australia, Indigenous burning practices have been extinguished, in
most places for more than a century. They have been replaced by very different burning
practices — different in scale, frequency and timing - instituted by European settlers, changes
which have been evolving and changing to the present day.

Prescribed burning for community and asset protection has been used by Australian public
land management agencies since about the 1960s, when the development of systematic
science-based approaches gained momentum. Prior to that, burning to reduce fuels around
properties was principally an activity undertaken for self-protection by people living in rural
or forested areas, acting individually or in local groups (it is noteworthy that the majority of
private and leasehold rural land burning undertaken was by pastoralists for native pasture
management and shrub control). The use of prescribed fire specifically for ecological
purposes has been a relatively recent practice emerging mostly since the 1990s, principally on
public land and some privately owned reserves managed for conservation. In most places the
scale and frequency of prescribed burning since European settlement never reached anything
close to the traditional burning practices undertaken by Aboriginal people prior to settlement.

Undertaking prescribed burns is not risk-free — there are unavoidable uncertainties (sources of
risk) associated with weather, fuel condition variability, undetected burn escape vectors, and
the potential for human error to be managed when implementing prescribed burn programs,
but a level of residual implementation risk will inevitably remain. Communities expect that
those undertaking prescribed burns will diligently manage the associated risks. Further,
community understanding of, and attitudes to the use of prescribed fire varies widely, from
those with substantial doubts about its benefits along with concerns about its impacts, through
to those who advocate that it is an essential bushfire risk reduction tool and expressing strong
criticisms that it is insufficiently used by land managers and fire services among others.

With our expansive continental area and large latitudinal range, Australia has a great variety
of different climatic zones, vegetation communities and land-use patterns. Hence there is vast
range of different physical operating environments and contexts in which prescribed burning
is applied. These range from high risk urban interface areas abutting vast areas of fire-prone
forests; to rural landscapes with an intermix of townships, agricultural land and retained
bushland areas; to vast tropical savanna landscapes; alpine and sub-alpine landscapes with
limited access; vast semi-arid rangelands; to areas containing complex vegetation mosaics
including rainforest, tall wet forests, dry open forests, woodlands, shrublands and grasslands.
Accordingly, a diverse range of prescribed burning practices and tools have been developed.

National Prescribed Burning Guidelines

While a necessarily wide range of different prescribed burning planning and operating
practices have been developed in response to the range of different operating environments,
practices can be said to follow a similar staged planning and implementation process and
founded on some common operating principles. The National Prescribed Burning Guidelines
therefore focussed on establishing a logical common operating framework for the prescribed
burn planning and implementation process, founded around a suite of key principles with
which good burn planning and implementation practice should conform. Supporting each
principle are some brief general guidance notes explaining the key considerations, analyses
and decision points typically involved in implementing a good practice approach.
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The end-to-end prescribed burning process within which the operational planning and
implementation work phases sit is depicted at Figure 1.

Figure 1 High-level end-to-end process model for prescribed burning

Operational planning progresses prescribed burn planning from the strategy and scheduling
phases of strategic and tactical planning (setting location, area, burn type and season) through
to the stage where a specific burn activity is planned and made ready to implement.

The operational planning phase has three key stages:

1. Burn site and risk analysis
2. Deciding the burn execution and risk management strategies

[ The principal output of operational planning phases 1 and 2 is Prescribed Burn Plan
3. Burn preparation
The burn implementation phase also has three key stages:

1. Conduct burn-day checks
2. Light and control the burn and manage associated risks
3. Assess and decide scale-down (or scale-up) and patrol requirements

Following completion of the burn a post-burn assessment phase is implemented.

A prescribed burn planning and implementation process model is depicted at Figure 2.
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Figure 2 Process model of prescribed burning: operational planning, implementation and appraisal phases
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Prescribed Burning Principles

As captured within the process model, 17 best-practice principles for successful and efficient
prescribed burning have been identified. Chapter 4 of the national guidelines provides general
guidance in relation to each of the principles.

The guidelines provide an explanation of why each principle is important, some general
practice notes providing guidance on what considerations need to be addressed to meet the
broad requirements of each principle, and the nature of key decision points involved.

Recognising that the range of prescribed burning operating contexts around Australia varies
greatly, the guidelines are intentionally not prescriptive. They are more focussed on what
needs to be considered, decided and done, not the detail of how. The detail of how things are
done is by necessity left open to agencies to determine given that each will have its own
unique combination of institutional arrangements; regulatory obligations; policies and
management priorities; organisation and resourcing levels; different capabilities, limitations,
and risk appetite; and systems maturity for prescribed burn planning and implementation.

Prescribed Burning Case Studies

Chapter 5 of the national guidelines provides nine case studies from around Australia that
document how an agency, or group of agencies in a particular jurisdiction, undertake
planning for, and implementation of prescribed burns for a particular vegetation type or
operating environment.

The case studies incorporated in the national guidelines are:

Case Study 1 Bush-urban interface burns — Blue Mountains (NSW)
Case Study 2 Burning young Silvertop Ash regrowth forests (NSW)
Case Study 3 Low intensity burning in tall moist Karri forests (WA)

Case Study 4 Multi-year landscape mosaic burning in forested mountain terrain using
natural boundaries (VIC)

Case Study 5 Semi-arid mallee and mallee-heath burning (SA)

Case Study 6 Button grass moorland burning (Tasmania)

Case Study 7 Savanna burning for greenhouse gas abatement (NT)

Case Study 8 Spinifex hummock grassland burning in the arid interior of WA (WA)
Case study 9 Burning for eucalypt forest health in SE Queensland / Northern NSW

The case studies provide a valuable resource providing such things detailed planning and
implementation procedural information, tools for assessing whether fuels are in a suitable
condition for burning within prescription, fire behaviour prediction guides, decision-support
systems and ignition/burn-control techniques specific to each particular burn scenario. The
case studies integrate operational knowledge and practice gained through years of
implementing burning operations with scientific knowledge and tools developed through
research to support burning implementation. The national guidelines report contains only a
one page synopsis of each case study, however weblinks are provided to the full case studies
on the AFAC website.

Intended use for the National Guidelines

The national guidelines have been developed with a view to providing a nationally consistent
framework to guide prescribed burn planning and implementation by agencies. Development
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of the national guidelines was informed by extensive input from fire and land management
agencies around Australia and thus can be considered industry-developed guidelines.

For those agencies embarking on a process of reviewing and improving their prescribed burn
planning and implementation practices, the guidelines can provide a useful reference
document facilitating alignment with a nationally adopted framework and process model.

For those agencies preparing or reviewing existing procedural documentation relating to
different phases of burn planning and/or implementation, the guidance notes can provide a
useful frame of reference for considerations to cover and matters to address in developing a
best-practice approach.

For those seeking to develop or improve prescribed burning guides for specific burning
applications or fuel types, the range of case studies showcase a range of innovative
approaches to developing practical guidance tools for burn practitioners.

For those seeking to commission or undertake fuels or fire behaviour research work to
improve the knowledge and systems basis for prescribed burning in particular applications or
fuel types, the case studies show a range of different ways in which research findings have
been translated into operational tools that support prescribed burn planning and
implementation.

AFAC has recently reviewed its competency standards and training resource materials for
prescribed burning. These have been aligned to the framework and principles set out in the
national guidelines.

Further Reading
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de Mar P, Kingswood R, Meade G, Henry A and Scott-Lawson D (2016) Case Study 1 -
Bush-urban interface burning in the Blue Mountains of NSW
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Building a Comprehensive Fuel Map — From Research to Operational Use
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Introduction

Having a comprehensive fuel map provides input for a wide range of fire management planning
and operational applications. The NSW fuel type map has recently been revised to incorporate
years of research on fuel accumulation.

Knowledge of fuel type and fuel load is required operationally for fire behaviour predictions, and
a state-wide data layer is an essential input into fire behaviour simulators. With adequate fuel
type and fire history mapping, fuel load maps can be produced, showing current and maximum
predicted fuel load. These maps are an invaluable resource for fire behaviour analysis and other
applications such as risk management planning and hazard reduction prioritisation.

Methods

Bushfire Fuels Research

In order to gather the best available information on bushfire fuels in NSW, the Rural Fire Service
(RFS) commissioned the University of Wollongong (UoW) to conduct a comprehensive fuel
modelling project. This project examined multiple aspects of fuel development for the forest and
grassy woodland vegetation types of NSW:

¢ Literature review (Watson, 2009)

* Collation of existing fuel load dynamics research (Watson 2012)

* Fuel hazard field study including comparison of methodologies and provision of Overall
Fuel Hazard (OFH) and Vesta hazard score information for selected vegetation classes
(Watson et al. 2012a)

* Bark fuel assessment (Horsey and Watson 2012)

* Synthesis of work including collation of fuel accumulation curve parameters and
identification of information gaps (Watson et al. 2012b)

* Literature review of canopy fuels (CERMB 2013)

Further work has been conducted to provide information on fuels in some heath and forested
wetland vegetation classes (Gordon and Price 2015).

Fuel Map Development

The approach used to create a fuel map was to first construct a fuel type map (Figure 1). As
coverage of the entire state of NSW was required, state-wide data sets were needed as inputs. A
composite raster map was created from a native vegetation map (‘Vegetation Classes of NSW
v3.03b' dataset using the classification of Keith (Keith 2004, Keith and Simpson 2010)) in-filled
in cleared areas with vegetation cover (‘(NSW Native Vegetation Extent MODIS/FPC' dataset
from OEH) and overlayed with land use (e.g. urban, plantations, agriculture, etc. from various
Land and Property Information and land management agency datasets).

236



Proceedings for the 5" International Fire Behaviour and Fuels Conference
April 11-15, 2016, Melbourne, Australia
Published by the International Association of Wildland Fire, Missoula, Montana, USA

Fuel Type
Fuel Group

Agriculture
Il Apine
I Arid shrublands
- Dry sclerophyll forests
Bl rorested wetlands
- Freshwater wetlands
Fuel absent
- Grasslands
[ Grassy woodlands
[ Heatniands
Il Pizntations
Il Rainforests
- Saline wetlands
- Semi-arid woodlands
: Urban
- Wet sclerophyll forests

Figure 1. Fuel type map; grouped into broader fuel groups

Fuel types were classified within this map based on the level of available fuel accumulation data.
The UoW fuels research (Watson et al. 2012b; Gordon and Price 2015) provided fuel parameters
at formation level for rainforest, and at class level for wet sclerophyll forests, dry sclerophyll
forests, grassy woodlands, and some heathlands and forested wetlands. Remaining native
vegetation classes and non-native vegetation were grouped into types with similar structures and
assigned fuel parameters based on other sources (Tolhurst 2005, Metcalf and Price 2013).

To produce the predicted fuel load map, the fuel type map was overlayed with fire history to
calculate the current fuel load level based on the fuel accumulation parameters (Figure 2). A
state-wide fire history map was converted to a time since fire raster, then a series of raster
calculations performed to give fuel load per strata (surface, elevated, bark) and a total fuel load
(Figure 3).

Vegetation Vegetation
Land Use
Map Cover
I I
Y
Fuel Accumulation Fuel Type

Curves Map Fire History Map

A 4

Predicted Fuel Load
Map

Figure 2: Fuel map construction process
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Figure 3. Predicted fuel load by fuel strata: (a) Surface fuel; (b) Elevated fuel; (c) Bark fuel; (d) Total fuel load.

Discussion

Operational Application of Research Data

The value of research to an operational agency is realised when it can be applied for operational
use, allowing best practice through the use of the best available information.

Output from the UoW fuels modelling project is being applied by the RFS in multiple ways
including fuel tables in the 'Fire Behaviour Analyst Handbook', interactive fuel curves in the
'Forest and Woodland Fuel Dynamics Calculator', and compilation of fuel type and predicted
fuel load maps. These applications have required different levels of development by RES staff to
make them suitable for operational use. Having well collated, defined, and fit for purpose
research output makes it possible to develop these operational applications.

Fuel Map Products and Applications

The initial intent of updating the NSW fuel type map was to provide a better input data layer for
use in the Phoenix Rapidfire (Tolhurst et al. 2008) fire spread simulator. Phoenix requires a map
of fuel types, a look up table of fuel curve parameters, and a fire history map. The appropriate
classification of fuel types, the accuracy of the fuel curves applied and the spatial accuracy of the
fuel and fire history mapping all affect the accuracy of the fire behaviour outputs from Phoenix
(Metcalf and Price 2013).
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By updating the Phoenix fuel input data to reflect current best knowledge of fuel dynamics,
greater confidence is gained in the output, and hence operational use, of this simulator. As the
REFS is starting to use Phoenix for scenario modelling and risk management planning
applications (see Wells and O'Halloran in these proceedings), the use of the best available input
data is increasingly important.

The fuel type and predicted fuel load maps can be displayed in numerous ways for operational
and planning applications. For use in manual fire spread predictions by Fire Behaviour Analysts
(FBANS), having both the fuel type map (to choose the appropriate fie behaviour model) and
predicted fuel load maps (to estimate current fuel quantity) available as GIS data layers makes a
quick and convenient way to obtain this essential information.

There are multiple ways to present the predicted fuel load map (Figure 4), for example as
maximum fuel (fuel load calculated for long unburnt state), current fuel (calculated based on fire
history at a point in time), or proportional (calculated as the current fuel as a proportion of
maximum fuel). These maps provide a good strategic overview of areas where fuel load is
currently high and may need to be considered in hazard reduction planning.
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Figure 4. Predicted total fuel load displayed as (a) Maximum fuel (t/ha); (b) Fuel at 1-Jan-2015 (t/ha); (c) Fuel at 1-Jan-
2015 as a percent of maximum fuel.
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