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ARTICLEINFO ABSTRACT

Eeywords: Wildland fire simulation models can be uwzed to inform wildfire risk asseszment and mitigation srategies.
Fize cpread simulation However, existing models tend to simulate fire spread only inside the wildland or the wildland-urban interface
Wildland-urban intesface (WU communitiez, but not in both. Az a rezult, there iz a need to integrate methodologies to enable seamless
‘3“""‘“:“5““““"’3 simulations of events that ignite in the wildland and continue spreading both across the wildland and inzide WUI
Eﬂm communities. Thiz paper imvestigates a systematic methodology to provide a WUI fire spread model with the
c it definis capacity to aszimilate dynamic wildland fire position inputs. The paper uses the smeamlined wildland-urban

interface fire tracing (SWUIFT) model to simulate WUI fire zpread, weather radar data to track the fire line
inzide the wildland, and the 2018 Camp Fire event as a caze study. The work proposes and evaluates a meth-
odology bazed on a “Three-Domain Solution” (Wildland, Transition, Community) for a smooth fire transiton
between wildland and community settings. Alternative approaches are examined to describe the boundaries of a
Community Domain for simulation purpozes. Existing WUT definitions are smdied, and considering the analyzis
resultz, a non-WUI neighborhood-bazed housing density (NBHD) method iz proposed. This work establizshes a
systematic approach for a unified wildland-WUT fire simulation.

1. Introduction defensible actions, impacting large communities and causing destrue-

Wildfirez are natural events with an important role in ecosystem
dynamics [1], but they also bear the potential to be destructive,
particularly when they reach commumities and impact waluable re-
sourcez. In recent decades, wildfires have significantly inereassd in
frequency and intensity [2,3], with scaring associated soclocconomic
costs from the loss of life, health impacts, damaged or destroyed infra-
structure, and firefighting activities. Thiz trend has been driven by an
inerease in human activities within the wildland [4], the expansion of
the wildland-urban interface (WUI) [5], and climate change [5]. With
none of the driving factors expected to recede in the near future, 1t be-
wildfires to facilitate an optimized allocation of already limited re-
sources and provide solution pathwaye that would enable a future of

Large wildfires can overwhelm firefishting efforts and overtake other
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tion. Consequently, communities built in areas with potential wildfire
expoesure need to be designed for the hazard, treating wildfires in a
similar way to other hazards such as hurricanes, tornadoes, or earth-
quakes [7]. Nonetheless, there iz a need to predict the level of damage
that a wildfire event may cause in a community to identify and mitigate
vulnerabilities and quantify nsk. Thiz need can be addressed with the
development of accurate simulation and modeling tools. More specif-
ically, models focused on the fire spread inside WUI communities can
provide a projection of the expected number and location of damaged or
destroyed structures; however, such models are currently searce [2-10],
and their scope iz usually limited to the simulation of fire progression
inside communities or vulnerability assessment of structurez. On the
other hand, several models that focus on the simulation of fire spread
through the wildland are available [11-17], but these models typically
lack the requisite characteristics of urban fuel and operate at spatial
resolutions that are incompatible with the dimensions of mdividual

Received 7 June 2023; Received in revized form 14 November 2023; Accepted 11 December 2023

Available online 13 December 2023
0379-7112/0 2023 Elsevier Lod. All rights reserved.


mailto:fszasdib@buffalo.edu
www.sciencedirect.com/science/journal/03797112
https://www.elsevier.com/locate/firesaf
https://doi.org/10.1016/j.firesaf.2023.104076
https://doi.org/10.1016/j.firesaf.2023.104076
https://doi.org/10.1016/j.firesaf.2023.104076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.firesaf.2023.104076&domain=pdf

F. Szasdi-Bardales et al.

structures.

Although existing models, whether wildland-focused or WUI-
focused, can cover complementary parts of the wildfire problem
domain, detailed research on the integration of the two methods is still
needed. Community fire spread models require information about the
initial ignitions that occur inside or close to the communities as input.
This input can be classified as static or dynamic. A static fire position
refers to a well-defined spatial and temporal location of the fire that is
known when the community simulation is set up, and from which the
simulation can take over. In contrast, a dynamic fire position refers to a
series of changing fire locations that are partially or completely un-
known when the community simulation is set up. That is, a dynamic fire
position represents a wildland fire that is progressing over time, as
informed by a source external to the community fire spread model (e.g.,
real-time observations or results from a wildland fire simulation model).
Given that a dynamic fire position provides an independent and initially
unknown input to a community fire spread model, a set of rules is
required to prevent conflictive progression of the fire line across do-
mains and to facilitate the connection between the input and the com-
munity fire spread model.

The objective of this paper is to evaluate and advance the capabilities
of a WUI-focused fire spread model to receive and assimilate dynamic
wildland fire position inputs for a seamless fire simulation from wildland
to WUI communities. The streamlined wildland-urban interface fire
tracing (SWUIFT) model [8] is used to simulate fire spread inside WUI,
weather radar data is used to track the fire line inside the wildland, and
the 2018 Camp Fire is selected as the case study. The methodology
described in this paper can be adapted to integrate a WUI-focused fire
spread model with wildland fire spread models in the future.

1.1. The SWUIFT model

SWUIFT [8] is a semi-empirical model that accounts for thermal
radiation and fire spotting mechanisms to simulate fire spread inside an
urban environment. The model simplifies a community into a raster and
assigns a fuel type (i.e., structure, vegetation, or non-combustible) to
each cell based on the predominant landcover. The current version does
not differentiate buildings with different features (e.g., roof types, siding
material); however, non-combustible structures may be manually
identified and separated from the rest of the structures. Initial ignitions,
which can occur in vegetation or structure cells, are provided as input by
the user. Subsequently, the model estimates fire progression from the
burning cells to the rest of the grid based on the input wind velocity and
direction at regular timesteps (e.g., 5-min increments). The fire evolu-
tion in the structure cells is based on 10 10 3 m burning compart-
ments. After the fire in a burning structure cell develops, it spreads to
adjacent cells within the same structure and produces firebrands and
thermal radiation. Burning vegetation cells contribute to the fire spread
only by firebrand generation, and similarly unburned vegetation cells
can only ignite by fire spotting.

SWUIFT simulations have been validated using historical cases of
wildfires during which WUI communities were affected [8,18 20]. The
validation process used historical wildland fire locations and wind
conditions as inputs, and evaluated the accuracy of the simulated fire
propagation inside the communities based on documented observations
from the actual incidents. In the applied scenarios, the input for the
initially known locations of fire was static. This led to the use of spatial
simulation domains that tightly encompassed the physical extent of the
analyzed communities with relatively small portions of wildland areas
in the surroundings, particularly in the direction of the approaching fire.
Nonetheless, one of the main objectives of WUI wildfire modeling lies in
its use for predictive purposes, where the simulation results can inform
risk assessment and decision-making processes. For pre-fire planning
and risk assessment, a series of wildfire scenarios need to be considered
for which the approaching times and locations of the wildland fire to the
WUI community will vary. Therefore, it is preferred for the spatial
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simulation domain to include larger buffers of wildland vegetation
around a community to accommodate the different scenarios and the
initially unknown locations through which the fire line could reach a
community.

Spatial domains with large portions of continuous wildland vegeta-
tion represent a challenge for SWUIFT simulations. The model has been
developed and validated for fire progression inside communities, where
the landcover is predominantly classified as structures or non-
combustible. Although SWUIFT also accounts for the presence of vege-
tation cells to capture the effects of vegetation around structures, the
procedure to simulate fire spread across vegetation is substantially
simplified in comparison to wildland fire simulation platforms, which
are exclusively developed for fire spread simulation in the wildland. In
SWUIFT, vegetation is only considered as such if it has a height larger
than 0.30 m (1 ft), and fire spread from and to vegetation cells can only
occur due to fire spotting. Despite the simplifications, the model results
have shown good accuracy for WUI community simulations [8,18 20],
while having a low computational cost.

The current SWUIFT simulation methodology needs to be adjusted to
facilitate simulation on large domains where wildfires could actively
and independently progress through the wildland, reach communities at
initially unknown spatial and temporal locations, and seamlessly tran-
sition into the urban area. Since models with reasonable accuracy have
been developed for the simulation of fire spread within the wildland, an
efficient solution is to enable SWUIFT to assimilate input from such
models and provide a framework for coupled feedback between inde-
pendent simulations. An important step towards a continuous tracking
of fire in the wildland and urban areas is to define and connect the
associated domains, that is, how and where SWUIFT should take over
from a dynamic wildland fire position input. Therefore, a boundary for
SWUIFT s analysis domain needs to be defined and the governing rules
for how the model will connect with the dynamic input at the boundary
should be established. Although the paper uses SWUIFT to establish the
relevant domains, the proposed methodology can be adapted for the
general integration of wildland and WUI fire spread models. The rest of
this paper will focus on defining and implementing the relevant domains
for a continuous tracking of fire.

1.2. Outline

This paper is organized as follows: Section 2 describes the case study
(2018 Camp Fire). Section 3 presents the sources of information and
parameters for the SWUIFT model setup of the Camp Fire that are used
in the subsequent sections. Section 4 presents a sensitivity analysis of the
SWUIFT simulation in the wildland to various initial locations of a static
wildland fire input. Section 5 explores different approaches to define
community limits that can serve as the boundary of the SWUIFT analysis
domain. A standardized procedure to define a Community Domain for
generalized cases is proposed. In section 6, a set of rules for the dynamic
integration of wildland fire and SWUIFT domains are defined, and a
‘Three-Domain Solution (Wildland, Transition, and Community) is
proposed. Section 7 evaluates the performance of the proposed meth-
odology based on the accuracy of the simulation results against the
historic and well-documented 2018 Camp Fire event. Sections 8 and 9
provide a summary of findings and conclude the paper.

2. Camp Fire case study

The 2018 Camp Fire in California has been selected as a case study
for this research, provided that sufficient data is publicly available,
particularly detailed documentation of the fire progression through the
wildland [21] and inside the Town of Paradise [22], which was the most
affected community during the event. The available data provide inputs
for the model and allow for its validation.

According to the Camp Fire Public Report [23], the fire was first
spotted approximately at 6:20 a.m. local time on November 8th, 2018,
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cloee to Pulga Bridge, about 13.7 km to the northeast of Paradize. [natial
assessments of the fire, performed by firefighters around 6:44 am.
concluded that the wind conditions made it impoesible to attack the fire,
and the =fforts were refocuzed on evacuating the residents of Pulga, a
nearby community. The fire continued to rapidly progress, traveling
southwest and reaching the Town of Paradize at 7:44 a m. The fast rate
of fire epread, in addition to the short distance between the ignition
location and the swrrounding communities, made the suppression efforts
difficult with evacuation orders being the best altermative for emergency
reSponee MAnagement.

The Camp Pire destroyed Paradize, as well as the nearby commu-
nities of Magalia and Concow. In total, 85 fatalities were reported, along
with 18,804 destroyed and 754 damaged structures, and a total est-
mated loes of more than $16.6 billion [22]. These numbers placed the
Camp Fire az the deadliest, most destructive, and most expensive wild-
fire in California’s history. Thiz incident was also the most expensive
natural-related disaster around the world m 2018 [24].

3. Input sources and model setup

The spatial domain for all the SWUIFT semmulations performed in this
shldyisar:ctangula:mufsaﬂkmzlimi&dbythcgcugmphica]m
ordinates 39.84 (to the Morth), 39.6] (to the South), —121.41 (to the
East), and —121.79 (to the West), az chown in Fig. 1. Thiz domain en-
compasses the area affected by the Camp Fire on November 8th, 2018,
For improved clanty, the simulation results that focus on fire spread
inside the community will be presented for the “vizsualization domain™
(shown in Fiz. 1), which iz a reduced area close to the Town of Paradize.

The characteriztics and impacts of the Camp Fire have led to exten-
give research about the event, leading to detailed documentation that 1=
not typically available for other wildfire incidents. In this study, the fire
progression in the wildland iz obtained following a recently proposed
method to estimate fire perimeters based on weather radar observations

21]- Thiz method provides high-rezelution (~250 m and 15 min) fire
positioning data. Additionally, information regarding the fire ignition
time of specific structures inside Paradiss iz available from a study by the
Mational Institute of Standards and Technology (NIST) [22]. A compiled
version of these observations is shown mn Fig. 2. The NIST study iz used
for assessing the performance of the SWUIFT simulation results in Sec-
tion 7. The wind direction and epeed data are obtammed from the Jarbo
Gap Bemote Automatic Weather Station (RAWS] [25]. Both the wind
direction and speed data are constant for the spatial domam, but are
updated at every hour (Le., the data has a 1-h temporal resolution).
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Flg. 1. Spatial domain for analysiz of the Camp Fire.
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Finally, the land cover input iz prepared by combining the information
from the Microsoft US Building Footprintz [26] and LANDFIRE's 13
Anderson Fire Behavior Fuel Model (version us_140) [27].

In all the caszes, the land cover information is represented on a grid of
13.88 m equare cells. To create thiz grid, LANDFIRE 't original raster is
up sampled from a 30 m to a 13.88 m resclubion by disaggregation. A
binary raster iz then ereated by classifying all cells with categories where
the fuel bed depth [2£8] i= equal to or greater than 0.30 m (1 f) as
vegetation, and all others az non-combustible. The building footprints
are rasterized and intersected with the binary raster, with buildings
having priority over the binary raster’s categories. The simulations run
at 5-min timesteps with all parameters and assumptions following the
standard SWUIFT model [2]. Table | summarizes the variations between
the simulated cases that will be discussed in this study.

4. Sensitivity analysis: SWUIFT simulations in the wildland with
different static wildland fire input locations

Providing SWUIFT with a capacity to assimilate dynamic wildfire
poeition input requires an understanding of the performanes of SWUIFT
mn the wildland The aim iz to identify regions with respect to the
analyzed commumnity at which SWUIFT may take over fire spread pre-
dictions from a known wildland fire position. [t can be logically inferred
that SWUIFT results are less accurate in the wildland than in community
settings due to its smmplified approach for treating wvegetative fuel
MNonetheless, until now no analyeiz has been carried out to corroborate
thiz inference and to identify the ideal location of the initial fire position
input with respect to the community hmits. Therefore, thiz section
presents a sensitivity analyeis to study the effects of various mnitial lo-
cations of static wildland fire on the simulation results in the wildland.

The weather radar-derived fire perimeters provide fire location data
every 15 min, starting at 6:30 am. local time [21]. It 1z known that the
fire reached the Town of Paradise around 7:44 am.; therefore, the
sensitivity analyeie is performed using the following six fire posibons as
the input for the SWUIFT simulations: 6:30 am. (Case A), 6:45 am.
(Case B), 7:00 am. (Case C), 7:15 am. (Case D), 7-:30 am. (Case E), and
7:45 am. (Case F). In all cases, the fire position will serve as an nput
only for the first timestep of the simulation, implying that subsequent
fire progression will be completed by SWUIFT and will not be updated
using additional obeervations. The starting time of each simulation (1.e.,
timestep 1) iz the time of its corresponding static fire position input. The
results from the analyzed scenarios up to the pomt where the fire enters
the community are shown in Fiz. 3. For all the cases, the wildland fire
poeitions at the initial (left) and final (right) timesteps are displayed.

The resulte from Fig. 3 show delayed armivale of the fire front to
Paradize, particularly for cazes A, B, and C, where the initial fire location
was further away from the community. This visual analysis of the results
suggests that SWUIFT sumulations that start from locations far from a
community may result in inaccurate temporal and spatial predictions of
the approaching fire front to the community. Nonetheless, to quantify
the performance of the simulations, the predicted wildland fire rate of
spread (ROS) for each simulation case iz compared with the ROS that
would have been expected for the fire to reach Paradiee at 7-44 am. A
Table 2. In all cases, the ROS iz caleulated based on the trajectory
deseribed by the shortest straight-line distance between the initial fire
perimeter and the limits of Paradize. An average error of —36.6% was
obeerved for the predicted ROS.

The ROS error in the wildland appears to be independent of the
distance between the mitial fire front location and the commumty.
However, an naccurate fire line carried over for longer distances will
result in accumulated inaccuracies in the estimated time of fire arrival at
the community. Therefore, the closer the initial distance between the
fire and the community, the less error 1= carried over into the simulation
of fire mmside the community. For example, the simulation in Case A
(with input at 6:30 a.m.), where the fire front wazs initially located 8.5
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Fig. 2. Fire observations in Paradise during the 2018 Camp Fire adapted from Maranghides et al. [27].

km away from Paradies, regulted in a 41-min delay with respect to the
actual event obeervations. In comparizon, the simulation in Case E (with
input at 7:30 am ), where the fire front was initially located 1.1 km
away from the community, indicated only a 6-min delay with respect to
the actual time. The observed imprecisions are likely derived from
SWUIFT s zimplified analysiz for wegetation fire, which doez not
consider variabilities in the vegetation properties amd conditions. In
addition, the low-resolution wind data that was available and used az an
input may have introduced naccuracies in the simulations. Finally, it 1=
also important to consider that long-range spotting was a key dover of
the fire ROS during the Camp Fire event [21]. While SWUIFT in-
corporates a transport model for firebrands, it 15 expected to underes-
timate the long-range spoting contribution.

Another obeervation that can be drawn from the analyzed cases 1=z
that SWUIFT iz not capturing well the fire expansion in the across-wind
direction through the wildland. Particularly in cases A, B and D, the
width of the fire front when arriving to Paradiee is emaller than that in

Case F, where the fire position comes directly from a weather radar
obeervation. Thiz behavior is expected for uniform wind conditions,
similar to the ones used for simulations of Fiz. 3. The reason lies in the
procedure that SWUIFT follows for transporting firebrande, whach 1=
based on the probabilistic approach proposed by Himoto and Tanaka
[29]. Under thiz procedure, the landing distribution of firebrande in the
across-wind direction 1= deseribed by a normal distnbution with a emall
standard deviation Given that the RAWS wind input used for these
simulations has low temporal and spatial resclutions (one average wind
speed and maximum gust for the full spatial domain at every hour), the
obeerved behavior of the simulated fire progression within the wildland
1& expected. Under more realistic condibions, which can be implemented
in future studies where high-resolution wind input iz available, the fire
can be expected to have a greater across-wind expansion due to
fire-indueed atmospheric cireulations, turbulent eddies, and better
representation of wind speed and direction.

Ovwerall, the results of the sensitivity analysis confirm that if SWUIFT
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Table 1
Dezeription of simulated cases in the paper.
Gection Analymiz Domain of evaluation Cape Type of wililand fire poaition input Simulation starting time Simulation finiching time
4 WEA Wildland Cape A Static at 630 am. 11:00 am.
630 am.
4 WEA ‘Wildlamd Cape B Static at 645 am. 11:00 am.
G645 am.
4 WEA ‘Wildlamd Cape & Static at 700 am. 11:00 am.
700 am.
4 WEA ‘Wildlamd Cape D Static at 715 am. 11:00 am.
715 am.
4 WEA ‘Wildlamd Cape E Static at 730 am 11:00 am.
72530 am.
4 WEA ‘Wildlamd Cape F Static at 745 am. 11:00 am.
745 am.
7 TDS ‘Commumity USFE" WU method Dymamic 6:30 am. 11:00 am.
7 TDE ‘Commumity FRAP's WUI method Dymamic 630 am. 11:00 am.
7 TDS ‘Commumity NBHD method Dymamic 6:30 am. 11:00 am.

Note: WEA = Wildland sensitivity analysis; TDE = Three-Domain Solution

Case A

Legend:

I Vegetation (not ignited) [l Vegetation (burned)

. Non-combustible

Veegetation (burning) B stucture [ ] Town of Paradise (iegal limits)

Fig. 3. Besults of the zix considered scenarios. For all cazes, the left panel shows the initial fire perimeter used az a static simulation input, and the right panel shows
the fire pozition at the tmestep at which the fire enters Paradize based on SWUIFT simulation.
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Table 2
ROS error for the sensitivity analysis cases.

Simulation Time of Initial Expected SWUIFT s ROS
case the static distance wildland predicted error
wildland from ROS (km/ wildland (%)
fire input community h) ROS (km/
(km) h)
A 6:30 a.m. 8.5 6.9 4.4 36%
B 6:45 a.m. 7.7 7.8 4.2 46%
C 7:00 a.m. 5.2 7.1 3.3 54%
D 7:15 a.m. 2.2 4.6 3.8 17%
E 7:30 am. 1.1 4.7 3.3 30%
F 7:45 a.m. 0 N/A N/A N/A

receives wildland fire inputs that are distanced from the community,
errors can be expected in the prediction of fire spread in the surrounding
wildland before reaching the community. Therefore, to enable SWUIFT
to assimilate dynamic wildland fire input, real-time observations or a
wildland fire simulation model (e.g., WRF-Fire) can be used to capture
fire spread within the wildland, before transmitting fire boundaries to
SWUIFT close to the community. To achieve this, the current spatial
simulation domain needs to be classified into independent domains: the
Community Domain and the Wildland Domain. The next section will
focus on the definition of boundaries between both domains in a
consistent manner that can be replicated in future studies.

5. Defining the Community Domain boundaries

An ideal SWUIFT Community Domain is expected to be an area that
encloses all the structures connected as part of one or multiple clusters in
the community, with an exterior contour that closely follows the
boundary line of structures while leaving out any vegetation area that
directly connects with the surrounding wildland. Additionally, the
mapping procedure for the domain is expected to be (1) as simple as
possible to reduce the computational costs and efforts, and (2) gener-
alized enough that it can be applied in different geographical locations.
In search of a method that meets these requirements, this section ex-
plores different approaches to define and map a Community Domain for
SWUIFT predictive simulation purposes.

5.1. Existing definitions

5.1.1. Legal community limits

For the case analyzed in this study, the ‘community of Paradise is
legally classified as a town with already defined limits [30]. The legal
definitions of boundaries for villages, towns, or cities are usually open to
the interpretation of local authorities, who follow criteria that do not
necessarily focus on capturing the actual distribution of buildings. As a
result, legally defined community limits may not enclose all the struc-
tures that appear to be connected to the main cluster of structures, or on
the contrary, may include large areas of undeveloped land. Revisiting
Fig. 1 to analyze the legal limits of Paradise helps better illustrate this
concept. In some locations, the limits appear to follow well the apparent
border of the cluster of structures, such as on the east part of Paradise,
where the West Branch Feather River basin leads to an abrupt change in
the density of buildings. On the other hand, there are locations where
the limits of the town appear to go through the cluster of structures
without an evident change in the density of structures, such as the north
of Paradise, where some of the buildings east of Little Butte Creek are
legally part of Magalia. On the south, several buildings are left out of the
town limits, while relatively large areas of undeveloped land are left
inside. Given that the criteria to define legal limits may not be uniform
from one community to another, and may result in the inclusion of
wildland areas, alternative approaches are needed to define community
boundaries.

Fire Safety Journal 143 (2024) 104076

5.1.2. WUI community mapping

According to the Federal Register, the WUI is the zone where

humans and their development meet or intermix with wildland fuel

[31]. The two main categories of communities covered by this definition
are ‘interface communities (where a clear boundary between structures
and the wildland exists), and ‘intermix communities (where structures
intermingle with the wildland). The objective behind SWUIFT is the
simulation of wildfire events that affect interface or intermix commu-
nities, treating communities as a variety of clustered human settlements
where structures and other human-purposed developments are located.
This is an intentionally broad definition that may include settlements,
villages, towns, or cities.

Mapping WUI areas is important for distinguishing between the
homes that are located within the WUI from those that are not, since
such maps can affect decisions regarding wildfire risk assessment and
mitigation [32,33]. For this reason, different methods have been pro-
posed in the literature to systematically define the location of the WUI
based on criteria that use specific vegetation cover and structure density
thresholds. In 2009, a study by Stewart et al. [32] analyzed two of such
WUI mapping methods and concluded that the differences in the cor-
responding maps illustrated the complexity of the WUI. The same study
concluded that the purpose that inspired the development of each of the
methods needed to be evaluated to identify the most convenient map to
be used for a specific application. Similarly, a study by Platt [33]
investigated various WUI mapping methods by applying them to four
different counties in the United States and assessing the resulting WUI
areas. The analyzed methodologies varied in the way in which they
defined and employed the concepts of structure density, wildland
vegetation, and buffer distances around the structures. Platt s study
identified how several factors can influence the differences between the
generated maps but concluded that all the methods were appropriate for
mapping the WUI once their specific tradeoffs were considered. Finally,
a more recent description of modern WUI definitions is included in the
study of Kumar et al., which focuses on understanding the relationship
between the location where wildfires take place relative to the WUI
[34].

5.2. Approaches to define Community Domain boundaries

Although the procedure for selecting a Community Domain for a
SWUIFT simulation is likely to be informed by an existing WUI map, the
concept of a Community Domain for simulation purposes does not
necessarily need to match an existing WUI mapping method. In other
words, the existence of a Community Domain boundary does not imply
that all the enclosed area is officially classified as WUI and vice versa. A
Community Domain boundary indicates that any area left outside of the
boundary is found to have a vegetation cover for which simulation of fire
spread is expected to be more accurate if obtained from a source other
than SWUIFT. Since publicly accessible maps based on existing WUI
definitions are available, two such definitions are included among the
approaches to be analyzed in this study. A third non-WUI definition is
proposed, for which the simulation results are compared with those
obtained from the existing WUI definitions. Overall, the following three
approaches are investigated: (1) the USFS s WUI definition [35], (2) the
FRAP s WUI definition [36], and (3) an original non-WUI definition
using neighborhood-based housing density.

5.2.1. Approach 1: USFS WUI definition

The first approach to be analyzed is based on the existing WUI maps
from the United States Forest Service (USFS) [35]. These maps are
publicly available as shapefiles that can be downloaded from the United
States Department of Agriculture (USDA) website [37]. For this study,
the first version of the geospatial data was obtained and analyzed using
geographic information system (GIS) software. The USFS maps the WUI
using a methodology that operates at a census block level, classifying
each block into different WUI and non-WUI categories. Specifically, any
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block that has a housing density over 1 structure per 40 acres (6.2
structures pcrlunzjandav:g:taﬁmmabnvrﬁﬂ%isdmﬂi:das
‘Intermix WUT'. If the block meets the housing density eriteria but haz a
vegetation cover below 50%, it can be clazsified az ‘Interface WUI" if it 1=
lecated less than 2 4 km away from a vegetation area (1.e., an area larger
than 5 km® with a vegetation cover of at least 75%). Otherwize, the
block iz clazzified az non-WUL

A map displaying the USFS WUI cover for the spatial domain of this
study iz presented n Fiz. 4. A contour with the legal limiats of Paradise 1=
included az a reference. The USFS's WUI area does not follow well the
contour of the eluster of buildings within Paradize if low density inter-
face (light pink ehading) and low density intermix (Light vellow shading)
are included. The resulting area iz a better fit when the low density WUl
(interface and intermix) is omitted. Although the area obtained from this
approach visually resembles the legal imite of Paradize, it offers a uni-
form procedure that can consistently be followed for different cases.

522 Approach 2: FRAP WUT definition

The second approach considered in this study iz based on the WUI
maps from The California Department of Forestry and Fire Protection’s
(CAL FIRE) Fire and Resource Assessment Program (FRAF) [36]. There
are several key differences between this mapping methodology and the
one used by the USFS. For example, FRAP applies a minimum housing
density threshold of 1 structure per 20 acres (12.4 structures per km®),
and areas should be within moderate, high, or very high Fire Hazard
Severity zones to be considered as WUL Additionally, FRAP operatez ata
consistent resclution (30 m cells) and establishes minimum thresholds
for the size of grouped cells. As a result, FRAP s definition results in a
smaller WUI area than USFS's definibion.

FRAP's WUl mape classify the land cover into four categories:
interface, mntermix, influence zone, and not WUL The distinction be-
tween interface and intermix iz based on the wildland vegetation eover,
while the influence zone is assigned to wildland vegetation within a 1.5-
mile (2.4 km) buffer from the interface or intermix. The shapefiles with
FRAP's WUI are available to the public on CAL FIRE's website [26]; this
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Flg. 4. WUl cowver for the analyzed zpatial domain bazed on the
UEFS definition.
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Flg. 5. FRAP"z WUI cower for the analyzed spatial domain.

study works with version 12_3 of the geospatial data. A map displaying
the FRAP WUI cover for the spatial domain of this study iz presented 1n
Fiz. 5. A contour with the legal limite of Paradize and the community
building's footprints iz included az a reference.

The area described by the combination of FRAP': interface and
intermix follows well the contour of the sroups of buildings located
inside the domain of this study. Howewver, there are many small and
seattered ndependent WUI areas (orange and purple shadingz) as well
az several empty spaces inside the most prominent WUI clusters that
generate ‘noise’ across the map. Thus, this WUI definition would prob-
ably not produce consistent community simulation domains without
additional processing. For example, the iszues can be addressed by
inerementing the minimum threshold for the size of grouped cells, and
filling” all the empty areas that are swrrounded by WUL The effect of
these modifications will be explored in the next section.

5.2.3. Approach 3: a new non-WUI definifion wsing a neighborhood-bazed
houzing density method

The third approach to deseribe SWUIFT = Community Domains is a
neighborhood-based housing density method, which will be referred to
az NBHD. Thiz method follows a procedure that deseribes community
boundaries exclusively based on a contour generated from a minimum
housing density threshold. NBHD 1= not a WUI mapping method sinee it
does not consider vegetation cover or other traditional eriteria from WUI
definitions. Instead, NBHD focuses exclusively on the generation of
homogeneous contours to be used as community boundaries for WUI fire
simulations where a connection with a dynamic wildland fire position
mnput 1z required. The only input for thiz method 12 the location of
structures, which can be simplified as points. This gives NBHD an
advantage in terms of computational efficiency and the potential to be
applied n any locabion around the world.

For this study, the location of buildings 1z obtamned from the Micro-
soft footprints database [26] (Fiz. Ga). Bach building is then represented
az a point at ite prometric center (Fiz. 6b). A grid of square bins 1=
defined, and density walues are assigned to each bin based on the
number of points (structures) inzside a equare-shaped neighborhood that
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Flg. 6. Steps to complete the NBHD method: (a) retrieve building's footprines, (b) represent each building as a point located in its geometric center, and (c) assign to

each bin the density of itz square-chaped neighborhood.

iz placed around the bin (Fig. S¢). This procedure can be performed
using the ‘Calculate Density’ toel [32] in AreGIS Pro 3.0.

A set of nine density mape iz generated for the analyeiz domain to
investigate the effect of different neighborhood sizes on the generated
boundaries. Each density map uses a different neighborhood size to
calculate the density of each bin, and areas that surpass specific density
thresholds are included in the Commumnity Domain. For all cases, a 50 m
bin size iz used for the output resclution. The results are presented in

Fig. 7.

Az expected, the neighborhood s size used to caleulate the density for
ecach case affects the shape of the Community Domain. Large neigh-
borhoods tend to assign very similar density values to bins that are close
to each other, producing highly homogeneous areas with contours that
do not follow the distribution of buildings well On the other hand, small
neighborhoods tend to capture local characteristics, producing nolsy
areas that tightly follow the distribution of buildingzs. In summary, there
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Flg. 7. Houzing density maps generated using the NEHD method with different neighborhood sizes, as indicated in the bottom right of each figure.
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iz a tradeoff between the homogeneity and the precision of the generated
areas when setting the size of the neighborhood, and the objective here
ig to find an optimum neighborhood size considerning both attributes.

For the gpatial domain analyzed in this study, a neighborhood size of
500 m (250,000 m?) with a minimum denzity threshold of 0.5 structures
per acre (123.6 structures per km®) (Fiz. 7) produces the best results by
generating homogeneous areas that closely follow the external contours
from the clusters of structures. Fig. 2 offers a more detailed visualization
of thiz map for the area close to Paradise. The areas produced by this
specific combination of parameters will represent the NBHD method in
the analyzis presented in Section 7.

Having described the three different approaches, the next section
will compare simulation results to identify which approach offers the
most appropriate solution for SWUIFT to recelve input from a dynamie
wildland fire position input. Az diccussed earlier, SWUIFT cannot
properly simulate fire spread outside of the Community Domaing
therefore, the wildland fire position nput will be updated at different
timesteps using the available radar-derived fire perimeters. Rules will be
ectablizhed to enable the mtegration of dynamie fire position Input with
SWUIFT.

Legend
B Density above 1 str/ac
Density between 0.75 - 1.00 str/ac
Density between 0.5 - 0.74 strfac
= Community Domain limits
— Town of Paradise (legal limits)
. Structure

Flg. 8. Visualization of the housing density map generated using the NBEHD
method with a neighborhood size of 500 m (250,000 m®) and a minimum
denxilyﬂlmsbuldufﬂjsﬁnctumperm[lﬂémumpuhnzlﬁuﬂm
Town of Paradize.
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6. Connecting a dynamiec wildland fire position input to the
Community Domain

Az demonstrated earlier, higher accuracy in SWUIFT = simulation
results 1s expected when the wildland fire posibion input i= close to the
community’s boundaries. Thus, the need for two different domains be-
comes evident: a Wildland Domain where the fire progression is dictated
by a wildland fire simulation platform or observations, and a Commu-
nity Domain where the fire progression iz dictated by SWUIFT. To pre-
vent conflicting outputs, these domaine must be exelusive (no overlap),
and only one of the simulation tools must dictate how the fire spreads
within a specific domain.

If the Wildland and Community Domaine are exclusive, a systematic
approach to transfer the wildland fire progression inside the Community
Domain must be established. A direct transition of the fire line at the
boundary oversimplifies the problem because such a solution would not
account for the oceurrence of ignibions nside the community caused by
firebrands generated from wildland vegetation away from the commu-
nity boundaries. This iz important, since fire spothng iz considered a
major mechanism of fire spread during wind-driven wildfires [39-41],
and firebrands can pose an igmition risk for vegetation and structures
located several kilometers away from their point of origin [42]. SWUIFT
can simulate the generation, transportation, and landing of firebrands
for both structure and vegetation eells, and therefore, it i possible and
convenient to allow SWUIFT to generate and transport firebrands even
before the fire has reached the boundary between the Wildland and
Community Domaine. Such an approach iz beneficial when wildland fire
input comes from observations of an actual fire or the resulte of an
existing wildland fire simulation medel that cannot simulate fire spot-
ting. It 1z known that the distance traveled by a firebrand depends on the
wind spead [42] and that their along-wind landing can be modeled by a
lognormal distribution [29]. This implies that the probabality of spotting
decreases with distance from the source. Therefore, a computationally
efficient procedurs can be implemented by limiting the firebrand gen-
eration arca to a certain distance around the Community Domain
considering how far the firebrands can reach. Thus, a third Transition
Domain 1z introduced between the Wildland and the Commumnity
Domaine.

Inside thiz Transition Domain, the source of fire progression in the
wildland (obeervations or a simulation tool) chould remain in charge of
1e expected to provide more accurate fire spread input. At the eame time,
SWUIFT can be partially activated to simulate only the generation and
transport of firebrands acroes the region. These firebrands wall only have
Domain or over a structure pixel (regardless of where it 1= located). If
firebrande land over a vegetation pixel outside the Community Domain,
no ignition will oceur sinee this can result in conflicting fire propagation

The Transition Domain can be represented az a buffer that surrounds
the Community Domain, containing vegetation cells that are located
close enough to the community to be considerad as a possible source of
firebrands with the capacity to reach commumity pixels and cause
ignition. In SWUIFT, the transfer mechaniem for firebrands adopts the
probabilistic distributions proposed by Himoto and Tanaka [29]. Eq. (1)
specifies the probability of a firebrand to travel distanee x, where 7, =
0.3, py = 0, oy = 4.85, and g, = In(30 » v}, and v iz the wind speed in

0 =x=< oo) Eq. 1

For this study, the maximum wind epeed within the input data (17.9
m/s) was used to determine the distanee from which no more than 1% of
the generated firebrands are expected to reach the Community Domain
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during a SWUIFT smmulation, even with the most favorable wind di-
rection. It was found that a Transition Domain deseribed by a 1080 m
buffer around the Community Domain sufficiently meets this require-
ment. Thiz approach to characterize the Transition Domain is conve-
nient, since it is directly related to how SWUIFT operates, and can be
adjusted as a function of the wind conditions for future cazes of study.

In summary, a “Three-Domain Solution” iz proposed to define regions
with different rules within the spatial domain where SWUIFT receives
dynamic wildland fire position input. SWUIFT iz inactive inside the
Wildland Domain, and the fire spreads az indicated by a wildland fire
simulation platform or observations. Inside the Transibon Domain,
SWUIFT becomes partially activated and simulates the generation and
transportation of firebrands. These firebrands can ignite any combus-
tible pixel inside the community, as well as structure pixels in any other
location. Finally, inside the Community Domain, SWUIFT is completely
active and emmulates the fire epread. The concept of the Three-Domain
Solution iz illustrated in Fig 2.

7. Comparison of the proposed approaches to determine the
Community Domain

Thiz section completes the assessment of the proposed approaches
for the defimtion of the Community Domain, considering a dynamic
wildland fire position mput and the Three-Domain Selution concept
deseribed in the previous section. Therefore, the following Commumnity
Domain options are selected as simulation mputs: USES WUL FRAP WUI,
and the NBHD method. The resulting Community Domains for the case
study are displayed mm Fig. 10. The minimum area threshold used to
obtain an independent Community Domain area is 1 km®. As mentioned
carlier, any overlocked area that iz swrounded by the Community
Domain is added to the demain.

All the simulation cases are run following input sources and model
setup diseussed in Section 3, with the exception that the Three-Domain
Solution 1z adopted. Therefore, SWUIFT operation iz completely or
partially himited m the Wildland and Transibon Domaims, respectively.
Any fire spread ocutside of the Community Domain iz based on the
weather radar data. Fiz. 11 provides the simulation results for the USFS

Wildfire progression

SWUIFT
SWUIFT is spatting
inactive module is
active
Wildland 0

Filg. 9. Three-Domain Solution concept for integrating dynamic wildland fire
input and fire spread modeling in a commumnity.
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Flg. 10. Commumity Domains obtained from the USFS WUI, FRAP WUIL, and
NBHD approaches.

WUIL, FRAP WUL, and the NBHD methods. In all the cases, a 1080 m
buffer around the Community Domain i used as the Transiion Domain.

A viznal inspection of the simulation resulte (Fig. 11) shows low
vanability in the predicted fire spread inside Paradise among the
different Commumity Domain definitions. By 8:30 am., the results from
the three cases indicate that the fire has started spreading inside Para-
dize from the north-east. The fire 1z predicted to have reached the wi-
cimity of Rocky Ln, matching MNIST'= observations (Fiz. 2, magenta
symbals). To the south, the simulations ndicate that the fire hae crossed
Elliot Rd, but the cbeervations show that the fire iz further west by about
1.2 km. By 9:00 am., the results predict the fire reaching the area of
Ruby Ln between Bille Rd and Wagstaff Rd, matching the NIST obser-
vations (Fiz. 2, green eymbels). In the south, the west progression of the
fire iz now in agreement with the observations, although it 1= 0.8 km
away from the observations near CA-191. By 10:00 am., the fire 15
predicted to have crossed the Skyway and CA-191. In the north, the
predicted fire front is 0.6 km away from the cluster of observations
(Fig. 2, orange symbols) made at the Honey Run Canyon, south of Valley
View Dr. To the south, the predicted fire front reaches the observations
made to the west of CA-191. Finally, by 11:00 am_, all the simulations
predict that the fire has impacted most of Paradize, which agrees with
the NIST observations for the respective time (Fiz. 2, cyan symbols).
Based on this qualitative analyeiz, the simulation results for the three
evaluated cases are found to be relatively accurate; however, a quanti-
tative aseesement 1= carmied out to confirm thie observation.

To complete a quantitative assessment of the results, polygons that
represent 1gnited areas at different times are generated from the fire
obeervations by NIST (Fiz. 2) and compared with SWUIFT rezulte from
the three approaches. This procedure iz performed using the ‘Ageregate
Pomnts’ tool [44] in AreGIS Pro 3.0. To account for the low density of
available observations, the polygons are generated using an aggregation
distance (1.e., the maximum distance between points that are clustered)
of 2km_ All the fire observations before each evaluation ime are used to
generate the respective ignmited area. Also, the izmited areas are imited
to the boundanies of each commumity domain. Fiz. 12 shows the ignited
areas generated from NIST e fire obeervations, as well as those obtained
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USFS’ WUI method FRAP’s WUI method NBHD method

Legend:
W vegetation (natignited) [l Structure (not ignited) B Structs (completely bumned) || Community Domain (FRAF)
Vegetation (burming) [l Structure (fire developing) [l Mon-combustible [ community Domain (NEHD)

B vegetation (bumed) B structure (fire developed) [ | Community Domain (USFS)

Fig. 11. SWUIFT simulation results using the Three-Domain Solution and Community Domains defined by the USFS's WUL, FRAP s WUI, and NBHD methods.
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Flg. 12. Ignited areas inzide the Community Domain according to fire observations and simulation results.

from SWUIFT simulations. The points from NIST cbservations are
included in the maps for reference. The area and centroid coordinates for
all the ignited areas are presented in Table 3.

The similarity between observed and simulated igmited areas is
evaluated using three metrics: (1) distance between centroide, (2) Jae-
card Index [45] (Eq. (2]), and (3) Sgrensen-Dice Index [46,47] (Eq. (2)).
For both mdexes, A iz the ignited area generated from the MIST fire
observations, and B iz the 1gnited area generated from SWUIFT obeer-
vations. Both indexes range from 0 to 1, with a value of 0 indicating total
dizsimilarity, and a value of 1 mdicating total exmilanty. The metrics for
all the cases are reported 1 Table 4.

A Nl
A US|

J(AB)= Eq. 2

12

24N B|
A+ B

The guantitative assessment aleo shows low wanability in the pre-
dicted fire spread inside Paradize among the different Commumity
Domain defimtions. The metrics indicate a moderate similarity between
the predicted and observed ignited areaz. It should be noted that the
generated polyzons from fire obeervations may underestimate the extent
of fire considering that NIST data do not cover all ignitions. The results
validate the use of a Community Domain to limit the area where SWUIFT
Solution.

Ovwerall, no clear advantage that justifies the use of one of the ap-
proaches over the rest can be observed. Nonetheless, there are other
important factors to take into consideration: the availability of mmputs
and the computational cost In terms of inputs, the two approaches

SDI(AB) = Eq 3
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Table 3

Areas and centroid coordinates for observed and simulated ignited areas.

Fire Safety Journal 143 (2024) 104076

Case Time Ignited areas generated from NIST fire observations Ignited areas generated from SWUIFT simulations
Area (km?) Centroid s coordinates Area (km?) Centroid s coordinates
X Y Y
USFS 8:30 a.m. 7.60 121.5825 39.7710 6.42 121.5781 39.7738
9:00 a.m. 17.59 121.5898 39.7704 12.00 121.5841 39.7739
10:00 a.m. 18.91 121.5895 39.7696 29.36 121.5965 39.7657
11:00 a.m. 24.78 121.5946 39.7627 44.70 121.6036 39.7605
FRAP 8:30 a.m. 7.75 121.5822 39.7711 4.00 121.5750 39.7760
9:00 a.m. 17.04 121.5892 39.7706 11.26 121.5829 39.7734
10:00 a.m. 18.21 121.5889 39.7698 27.83 121.5940 39.7649
11:00 a.m. 23.22 121.5929 39.7636 39.15 121.6022 39.7599
NBHD 8:30 a.m. 7.54 121.5826 39.7712 5.51 121.5772 39.7737
9:00 a.m. 16.81 121.5894 39.7713 10.67 121.5818 39.7719
10:00 a.m. 18.05 121.5890 39.7706 26.56 121.5929 39.7661
11:00 a.m. 22.41 121.5922 39.7651 38.59 121.6007 39.7621
Table 4
Similarity metrics for comparison of observed and simulated ignited areas.
Case Time Distance between centroids (km) Jaccard Index S rensen Dice Index
At specified time Average At specified time Average At specified time Average
8:30 a.m. 0.49 0.55 0.71
9:00 a.m. 0.62 0.56 0.72
USFS 10:00 a.m. 0.74 0.66 0.51 0.53 0.67 0.69
11:00 a.m. 0.80 0.49 0.66
8:30 a.m. 0.82 0.40 0.57
9:00 a.m. 0.62 0.53 0.69
FRAP 10:00 a.m. 0.69 0.76 0.55 0.50 0.71 0.67
11:00 a.m. 0.89 0.53 0.69
8:30 a.m. 0.54 0.50 0.67
9:00 a.m. 0.65 0.52 0.68
NBHD 10:00 a.m. 0.60 0.65 0.57 0.54 0.72 0.70
11:00 a.m. 0.80 0.55 0.71

based on WUI definitions rely on maps that are available to the public.
However, the USFS WUI maps only cover the conterminous United
States, while the FRAP WUI map is only available for the State of Cali-
fornia. In both cases, the maps are several years old and have not been
updated recently. Therefore, if a Community Domain needs to be
defined for a location where USFS and FRAP maps are not available, or
where the existing versions are not as recent as desired, the NBHD
method is the simplest to apply. The NBHD method only needs the
location of structures, which is typically available. In terms of compu-
tational cost, approaches based on WUI maps may require higher
computational effort to be generated, while NBHD offers a low-cost
alternative that can be expected to be consistent across most (if not
all) applications. For these reasons, the NBHD method is identified as the
most convenient approach to obtain the Community Domain among the
analyzed options.

8. Summary of findings

This study proposed a methodology for seamless simulation of fire
spread from the wildland into WUI communities by integrating dynamic
wildland fire position input and a WUI-focused fire spread model,
namely SWUIFT. A dynamic wildland position input refers to the pro-
gression of a fire within the wildland that is continuously updated by an
external source, such as wildland fire simulation models or observations
(e.g., radar or satellite images). The paper explored the challenges of
incorporating a dynamic wildland fire position input into a WUI fire
spread model to enable a smooth transition of the fire line from wildland
to urban areas. The 2018 Camp Fire incident was used as a case study
given the availability of sufficient high-quality data to inform and assess
the analysis.

A sensitivity analysis was conducted to assess SWUIFT s performance
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when simulating wildland-only fire progression, by studying how
different initial positions of a static wildland fire input affected the ac-
curacy of the predicted wildland fire rate of spread (ROS) and the fire
arrival time at the community. As expected, the analyses confirmed that
the initial fire position should be set close to the limits of the community.
As a result, the SWUIFT simulation was limited to the extent of an area
that described the community s boundaries. This area was called the
Community Domain, while the rest became the Wildland Domain.

The legal limits of the Town of Paradise were originally considered as
the Community Domain, but it was shown that such limits are not
consistent with the contour of the cluster of structures at different lo-
cations around the community. Furthermore, legal definitions for com-
munity limits are usually open to the interpretation of local authorities
and can result in inconsistent Community Domain definitions for future
applications. Thus, three additional approaches to describe the Com-
munity Domain were analyzed. The first two approaches derived the
Community Domain from the existing WUI definitions by the United
States Forest Service (USFS) and the California Department of Forestry
and Fire Protection s (CAL FIRE) Fire and Resource Assessment Program
(FRAP), respectively. The third approach, proposed in this study,
described the Community Domain using a neighborhood-based housing
density (NBHD) method. The first two approaches depend on WUI maps
generated by third parties, while the NBHD only requires the location of
structures.

A Three-Domain Solution was proposed to facilitate the integration
of dynamic wildland fire position input and SWUIFT. The Community
and Wildland Domains were treated to be exclusive with a Transition
Domain connecting the fire progression from the Wildland Domain into
the Community Domain. Also, potential structural ignitions from fire-
brands generated from the wildland fire were included, considering the
role of spotting on fire spread. Therefore, the Transition Domain, inside
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which the fire spread was controlled by a wildland fire simulation tool or
observations, had SWUIFT partially activated to generate and transport
firebrands from the burning vegetation to capture potential ignitions
inside the Community Domain.

The proposed Wildland, Transition, and Community Domains, i.e.,
the Three-Domain Solution, was applied to assess the performance of the
different approaches for Community Domain definition (USFS, FRAP,
and NBHD). The results validated the use of a Three-Domain Solution
and showed that the three approaches resulted in equally acceptable
outcomes of fire spread inside Paradise. Nonetheless, the NBHD method
stood out when the accessibility to the required inputs and the compu-
tational cost were considered. Therefore, the NBHD method was iden-
tified as the most appropriate method to be incorporated into the
methodology for future SWUIFT simulations.

9. Conclusions

The paper focused on connecting fire spread information in wildland
and WUI domains. The study used SWUIFT to simulate fire spread in
WUI areas, weather radar data to track the fire line in the wildland, and
the 2018 Camp Fire as the case study; however, the proposed method-
ology can be adapted for general integration of other wildland and WUI
fire spread models. The Three-Domain Solution prevents conflicting
tracking of fire progression across domains and facilitates a seamless
tracking of the fire line from the wildland into WUI areas. The following
points should be considered when defining the three domains.

Boundaries of the Community Domain should be carefully selected
with the objective of properly capturing clusters of structures.
Existing WUI definitions can be used to inform the boundaries of a
community simulation domain, but existing WUI maps may not be
up to date, and they may not provide smooth community boundaries.
The NBHD method in this study provided acceptable results while
computationally efficient.

The Transition Domain is defined to capture the community s
exposure to fire from the wildland. Also, including a Transition
Domain provides a means to harmonize available inputs and model
features when shifting between Wildland and Community Domains.
For example, the Transition Domain should be used to track the
firebrands that are generated in the wildland for potential ignitions
of structures inside WUI. This implies detailed coordination between
the inputs and outputs of involved models in the Wildland and
Community Domains.

Any area outside of the Community and Transition Domains belongs
to the Wildland Domain.

The use of the Three-Domain Solution facilitates the necessary ad-
justments in spatial resolutions when tracking fire spread in large
domains and across wildland and WUI areas.

The methodology that resulted from this study advances the capa-
bilities of WUI fire simulation models, particularly SWUIFT, to be
applied for risk assessment as well as real-time and faster than real-time
simulations. In the case of pre-event modeling, a predictive simulation
can be used to determine the potential impacts of fire in a community
and assist with risk assessment and decision-making processes. Real-
time simulations with inputs from observations (e.g., radar or satel-
lite) can also help with response strategies.
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