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Wil dl a n d  fir e  si m ul ati o n  m o d el s  c a n  b e  u s e d  t o  i nf or m  wil d fir e  ri s k  a s s e s s m e nt  a n d  miti g ati o n  str at e gi e s. 

H o w e v er, e xi sti n g m o d el s t e n d t o si m ul at e fir e s pr e a d o nl y i n si d e t h e wil dl a n d or t h e wil dl a n d- ur b a n i nt erf a c e 

( W UI) c o m m u niti e s, b ut n ot i n b ot h. A s a r e s ult, t h er e i s a n e e d t o i nt e gr at e m et h o d ol o gi e s t o e n a bl e s e a ml e s s 

si m ul ati o n s of e v e nt s t h at i g nit e i n t h e wil dl a n d a n d c o nti n u e s pr e a di n g b ot h a cr o s s t h e wil dl a n d a n d i n si d e W UI 

c o m m u niti e s. T hi s p a p er i n v e sti g at e s a s y st e m ati c m et h o d ol o g y t o pr o vi d e a W UI fir e s pr e a d m o d el wit h t h e 

c a p a cit y  t o  a s si mil at e  d y n a mi c  wil dl a n d  fir e  p o siti o n  i n p ut s.  T h e  p a p er  u s e s  t h e  str e a mli n e d  wil dl a n d- ur b a n 

i nt erf a c e  fir e  tr a ci n g  ( S W UI F T)  m o d el  t o  si m ul at e  W UI  fir e  s pr e a d,  w e at h er  r a d ar  d at a  t o  tr a c k  t h e  fir e  li n e 

i n si d e t h e wil dl a n d, a n d t h e 2 0 1 8 C a m p Fir e e v e nt a s a c a s e st u d y. T h e w or k pr o p o s e s a n d e v al u at e s a m et h-

o d ol o g y  b a s e d  o n  a  ‘ T hr e e- D o m ai n  S ol uti o n ’ ( Wil dl a n d,  Tr a n siti o n,  C o m m u nit y)  f or  a  s m o ot h  fir e  tr a n siti o n 

b et w e e n wil dl a n d a n d c o m m u nit y s etti n g s. Alt er n ati v e a p pr o a c h e s ar e e x a mi n e d t o d e s cri b e t h e b o u n d ari e s of a 

C o m m u nit y D o m ai n f or si m ul ati o n p ur p o s e s. E xi sti n g W UI d e fi niti o n s ar e st u di e d, a n d c o n si d eri n g t h e a n al y si s 

r e s ult s, a n o n- W UI n ei g h b or h o o d- b a s e d h o u si n g d e n sit y ( N B H D) m et h o d i s pr o p o s e d. T hi s w or k e st a bli s h e s a 

s y st e m ati c a p pr o a c h f or a u ni fi e d wil dl a n d- W UI fir e si m ul ati o n.   

1. I nt r o d u cti o n 

Wil d fir e s  ar e  n at ur al  e v e nt s  wit h  a n  i m p ort a nt  r ol e  i n  e c o s y st e m 

d y n a mi c s  [ 1 ],  b ut  t h e y  al s o  b e ar  t h e  p ot e nti al  t o  b e  d e str u cti v e, 

p arti c ul arl y  w h e n  t h e y  r e a c h  c o m m u niti e s  a n d  i m p a ct  v al u a bl e  r e -

s o ur c e s.  I n  r e c e nt  d e c a d e s,  wil d fir e s  h a v e  si g ni fi c a ntl y  i n cr e a s e d  i n 

fr e q u e n c y  a n d  i nt e n sit y  [2 ,3 ],  wit h  s o ari n g  a s s o ci at e d  s o ci o e c o n o mi c 

c o st s fr o m t h e l o s s of lif e, h e alt h i m p a ct s, d a m a g e d or d e str o y e d i nfr a -

str u ct ur e, a n d fir e fi g hti n g a cti viti e s. T hi s tr e n d h a s b e e n dri v e n b y a n 

i n cr e a s e i n h u m a n a cti viti e s wit hi n t h e wil dl a n d [4 ], t h e e x p a n si o n of 

t h e wil dl a n d- ur b a n i nt erf a c e ( W UI) [5 ], a n d cli m at e c h a n g e [ 6 ]. Wit h 

n o n e of t h e dri vi n g f a ct or s e x p e ct e d t o r e c e d e i n t h e n e ar f ut ur e, it b e -

c o m e s  cr u ci al  t o  b ett er  u n d er st a n d  a n d  c h ar a ct eri z e  t h e  b e h a vi or  of 

wil d fir e s  t o  f a cilit at e  a n  o pti mi z e d  all o c ati o n  of  alr e a d y  li mit e d  r e -

s o ur c e s  a n d  pr o vi d e  s ol uti o n  p at h w a y s  t h at  w o ul d  e n a bl e  a  f ut ur e  of 

c o- e xi st e n c e wit h wil d fir e s. 

L ar g e wil d fir e s c a n o v er w h el m fir e fi g hti n g eff ort s a n d o v ert a k e ot h er 

d ef e n si bl e  a cti o n s,  i m p a cti n g  l ar g e  c o m m u niti e s  a n d  c a u si n g  d e str u c -

ti o n. C o n s e q u e ntl y, c o m m u niti e s b uilt i n ar e a s wit h p ot e nti al wil d fir e 

e x p o s ur e  n e e d  t o  b e  d e si g n e d  f or  t h e  h a z ar d,  tr e ati n g  wil d fir e s  i n  a 

si mil ar  w a y  t o ot h er  h a z ar d s  s u c h a s  h urri c a n e s, t or n a d o e s,  or  e art h -

q u a k e s [ 7 ]. N o n et h el e s s, t h er e i s a n e e d t o pr e di ct t h e l e v el of d a m a g e 

t h at a wil d fir e e v e nt m a y c a u s e i n a c o m m u nit y t o i d e ntif y a n d miti g at e 

v ul n er a biliti e s a n d q u a ntif y ri s k. T hi s n e e d c a n b e a d dr e s s e d wit h t h e 

d e v el o p m e nt  of a c c ur at e si m ul ati o n a n d  m o d eli n g t o ol s. M or e  s p e cif -

i c all y, m o d el s f o c u s e d o n t h e fir e s pr e a d i n si d e W UI c o m m u niti e s c a n 

pr o vi d e a pr oj e cti o n of t h e e x p e ct e d n u m b er a n d l o c ati o n of d a m a g e d or 

d e str o y e d str u ct ur e s; h o w e v er, s u c h m o d el s ar e c urr e ntl y s c ar c e [ 8 – 1 0 ], 

a n d t h eir s c o p e i s u s u all y li mit e d t o t h e si m ul ati o n of fir e pr o gr e s si o n 

i n si d e  c o m m u niti e s  or  v ul n er a bilit y  a s s e s s m e nt  of  str u ct ur e s.  O n  t h e 

ot h er h a n d, s e v er al m o d el s t h at f o c u s o n t h e si m ul ati o n of fir e s pr e a d 

t hr o u g h t h e wil dl a n d ar e a v ail a bl e [1 1 – 1 7 ], b ut t h e s e m o d el s t y pi c all y 

l a c k  t h e  r e q ui sit e  c h ar a ct eri sti c s  of  ur b a n  f u el  a n d  o p er at e  at  s p ati al 

r e s ol uti o n s  t h at  ar e  i n c o m p ati bl e  wit h  t h e  di m e n si o n s  of  i n di vi d u al 
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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 

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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cl o s e t o P ul g a Bri d g e, a b o ut 1 3. 7 k m t o t h e n ort h e a st of P ar a di s e. I niti al 

a s s e s s m e nt s  of  t h e  fir e,  p erf or m e d  b y  fir e fi g ht er s  ar o u n d  6: 4 4  a. m. 

c o n cl u d e d t h at t h e wi n d c o n diti o n s m a d e it i m p o s si bl e t o att a c k t h e fir e, 

a n d t h e eff ort s w er e r ef o c u s e d o n e v a c u ati n g t h e r e si d e nt s of P ul g a, a 

n e ar b y  c o m m u nit y.  T h e  fir e  c o nti n u e d  t o  r a pi dl y  pr o gr e s s,  tr a v eli n g 

s o ut h w e st a n d r e a c hi n g t h e T o w n of P ar a di s e at 7: 4 4 a. m. T h e f a st r at e 

of  fir e  s pr e a d,  i n  a d diti o n  t o  t h e  s h ort  di st a n c e  b et w e e n  t h e  i g niti o n 

l o c ati o n a n d t h e s urr o u n di n g c o m m u niti e s, m a d e t h e s u p pr e s si o n eff ort s 

dif fi c ult wit h e v a c u ati o n or d er s b ei n g t h e b e st alt er n ati v e f or e m er g e n c y 

r e s p o n s e m a n a g e m e nt. 

T h e  C a m p  Fir e  d e str o y e d  P ar a di s e,  a s  w ell  a s  t h e  n e ar b y  c o m m u -

niti e s of M a g ali a a n d C o n c o w. I n t ot al, 8 5 f at aliti e s w er e r e p ort e d, al o n g 

wit h  1 8, 8 0 4  d e str o y e d  a n d  7 5 4  d a m a g e d  str u ct ur e s,  a n d  a  t ot al  e sti -

m at e d l o s s of m or e t h a n $ 1 6. 6 billi o n [ 2 2 ]. T h e s e n u m b er s pl a c e d t h e 

C a m p Fir e a s t h e d e a dli e st, m o st d e str u cti v e, a n d m o st e x p e n si v e wil d -

fir e i n C alif or ni a ’s hi st or y. T hi s i n ci d e nt w a s al s o t h e m o st e x p e n si v e 

n at ur al-r el at e d di s a st er ar o u n d t h e w orl d i n 2 0 1 8 [ 2 4 ]. 

3. I n p ut s o u r c e s a n d m o d el s et u p 

T h e s p ati al d o m ai n f or all t h e S W UI F T si m ul ati o n s p erf or m e d i n t hi s 

st u d y i s a r e ct a n g ul ar ar e a of 8 3 0 k m 2 li mit e d b y t h e g e o gr a p hi c al c o-

or di n at e s 3 9. 8 4 (t o t h e N ort h), 3 9. 6 1 (t o t h e S o ut h), − 1 2 1. 4 1 (t o t h e 

E a st), a n d − 1 2 1. 7 9 (t o t h e W e st), a s s h o w n i n Fi g. 1 . T hi s d o m ai n e n-

c o m p a s s e s t h e ar e a aff e ct e d b y t h e C a m p Fir e o n N o v e m b er 8t h, 2 0 1 8. 

F or  i m pr o v e d  cl arit y,  t h e  si m ul ati o n  r e s ult s  t h at  f o c u s  o n  fir e  s pr e a d 

i n si d e t h e c o m m u nit y will b e pr e s e nt e d f or t h e “ vi s u ali z ati o n d o m ai n ” 

( s h o w n i n Fi g. 1 ), w hi c h i s a r e d u c e d ar e a cl o s e t o t h e T o w n of P ar a di s e. 

T h e c h ar a ct eri sti c s a n d i m p a ct s of t h e C a m p Fir e h a v e l e d t o e xt e n -

si v e r e s e ar c h a b o ut t h e e v e nt, l e a di n g t o d et ail e d d o c u m e nt ati o n t h at i s 

n ot t y pi c all y a v ail a bl e f or ot h er wil d fir e i n ci d e nt s. I n t hi s st u d y, t h e fir e 

pr o gr e s si o n i n t h e wil dl a n d i s o bt ai n e d f oll o wi n g a r e c e ntl y pr o p o s e d 

m et h o d t o e sti m at e fir e p eri m et er s b a s e d o n w e at h er r a d ar o b s er v ati o n s 

[ 2 1 ]. T hi s m et h o d pr o vi d e s hi g h-r e s ol uti o n ( ~ 2 5 0 m a n d 1 5 mi n) fir e 

p o siti o ni n g d at a. A d diti o n all y, i nf or m ati o n r e g ar di n g t h e fir e i g niti o n 

ti m e of s p e ci fi c str u ct ur e s i n si d e P ar a di s e i s a v ail a bl e fr o m a st u d y b y t h e 

N ati o n al I n stit ut e of St a n d ar d s a n d T e c h n ol o g y ( NI S T) [ 2 2 ]. A c o m pil e d 

v er si o n of t h e s e o b s er v ati o n s i s s h o w n i n Fi g. 2 . T h e NI S T st u d y i s u s e d 

f or a s s e s si n g t h e p erf or m a n c e of t h e S W UI F T si m ul ati o n r e s ult s i n S e c-

ti o n 7 . T h e wi n d dir e cti o n a n d s p e e d d at a ar e o bt ai n e d fr o m t h e J ar b o 

G a p R e m ot e A ut o m ati c W e at h er St ati o n ( R A W S) [ 2 5 ]. B ot h t h e wi n d 

dir e cti o n a n d  s p e e d d at a ar e  c o n st a nt f or t h e  s p ati al d o m ai n,  b ut ar e 

u p d at e d  at  e v er y  h o ur  (i. e.,  t h e  d at a  h a s  a  1- h  t e m p or al  r e s ol uti o n). 

Fi n all y, t h e l a n d c o v er i n p ut i s pr e p ar e d b y c o m bi ni n g t h e i nf or m ati o n 

fr o m  t h e  Mi cr o s oft  U S  B uil di n g  F o ot pri nt s  [2 6 ]  a n d  L A N D FI R E ’s  1 3 

A n d er s o n Fir e B e h a vi or F u el M o d el ( v er si o n u s_ 1 4 0) [ 2 7 ]. 

I n all t h e c a s e s, t h e l a n d c o v er i nf or m ati o n i s r e pr e s e nt e d o n a gri d of 

1 3. 8 8 m s q u ar e c ell s. T o cr e at e t hi s gri d, L A N D FI R E ’s ori gi n al r a st er i s 

u p s a m pl e d fr o m a 3 0 m t o a 1 3. 8 8 m r e s ol uti o n b y di s a g gr e g ati o n. A 

bi n ar y r a st er i s t h e n cr e at e d b y cl a s sif yi n g all c ell s wit h c at e g ori e s w h er e 

t h e  f u el  b e d  d e pt h  [2 8 ]  i s  e q u al  t o  or  gr e at er  t h a n  0. 3 0  m  ( 1  ft)  a s 

v e g et ati o n, a n d all ot h er s a s n o n- c o m b u sti bl e. T h e b uil di n g f o ot pri nt s 

ar e  r a st eri z e d  a n d  i nt er s e ct e d  wit h  t h e  bi n ar y  r a st er,  wit h  b uil di n g s 

h a vi n g pri orit y o v er t h e bi n ar y r a st er ’s c at e g ori e s. T h e si m ul ati o n s r u n 

at 5- mi n ti m e st e p s wit h all p ar a m et er s a n d a s s u m pti o n s f oll o wi n g t h e 

st a n d ar d S W UI F T m o d el [ 8 ]. T a bl e 1 s u m m ari z e s t h e v ari ati o n s b et w e e n 

t h e si m ul at e d c a s e s t h at will b e di s c u s s e d i n t hi s st u d y. 

4. S e n siti vit y a n al y si s: S W UI F T si m ul ati o n s i n t h e wil dl a n d wit h 

diff e r e nt st ati c wil dl a n d fi r e i n p ut l o c ati o n s 

Pr o vi di n g  S W UI F T  wit h  a  c a p a cit y  t o  a s si mil at e  d y n a mi c  wil d fir e 

p o siti o n i n p ut r e q uir e s a n u n d er st a n di n g of t h e p erf or m a n c e of S W UI F T 

i n  t h e  wil dl a n d.  T h e  ai m  i s  t o  i d e ntif y  r e gi o n s  wit h  r e s p e ct  t o  t h e 

a n al y z e d c o m m u nit y at w hi c h S W UI F T m a y t a k e o v er fir e s pr e a d pr e -

di cti o n s fr o m a k n o w n wil dl a n d fir e p o siti o n. It c a n b e l o gi c all y i nf err e d 

t h at S W UI F T r e s ult s ar e l e s s a c c ur at e i n t h e wil dl a n d t h a n i n c o m m u nit y 

s etti n g s  d u e  t o  it s  si m pli fi e d  a p pr o a c h  f or  tr e ati n g  v e g et ati v e  f u el. 

N o n et h el e s s, u ntil n o w n o a n al y si s h a s b e e n c arri e d o ut t o c orr o b or at e 

t hi s i nf er e n c e a n d t o i d e ntif y t h e i d e al l o c ati o n of t h e i niti al fir e p o siti o n 

i n p ut  wit h  r e s p e ct  t o  t h e  c o m m u nit y  li mit s.  T h er ef or e,  t hi s  s e cti o n 

pr e s e nt s a s e n siti vit y a n al y si s t o st u d y t h e eff e ct s of v ari o u s i niti al l o -

c ati o n s of st ati c wil dl a n d fir e o n t h e si m ul ati o n r e s ult s i n t h e wil dl a n d. 

T h e w e at h er r a d ar- d eri v e d fir e p eri m et er s pr o vi d e fir e l o c ati o n d at a 

e v er y 1 5 mi n, st arti n g at 6: 3 0 a. m. l o c al ti m e [ 2 1 ]. It i s k n o w n t h at t h e 

fir e  r e a c h e d  t h e  T o w n  of  P ar a di s e  ar o u n d  7: 4 4  a. m.;  t h er ef or e,  t h e 

s e n siti vit y a n al y si s i s p erf or m e d u si n g t h e f oll o wi n g si x fir e p o siti o n s a s 

t h e  i n p ut  f or  t h e  S W UI F T  si m ul ati o n s:  6: 3 0  a. m.  ( C a s e  A),  6: 4 5  a. m. 

( C a s e B), 7: 0 0 a. m. ( C a s e C), 7: 1 5 a. m. ( C a s e D), 7: 3 0 a. m. ( C a s e E), a n d 

7: 4 5 a. m. ( C a s e F). I n all c a s e s, t h e fir e p o siti o n will s er v e a s a n i n p ut 

o nl y f or t h e fir st ti m e st e p of t h e si m ul ati o n, i m pl yi n g t h at s u b s e q u e nt 

fir e pr o gr e s si o n will b e c o m pl et e d b y S W UI F T a n d will n ot b e u p d at e d 

u si n g a d diti o n al o b s er v ati o n s. T h e st arti n g ti m e of e a c h si m ul ati o n (i. e., 

ti m e st e p 1) i s t h e ti m e of it s c orr e s p o n di n g st ati c fir e p o siti o n i n p ut. T h e 

r e s ult s fr o m t h e a n al y z e d s c e n ari o s u p t o t h e p oi nt w h er e t h e fir e e nt er s 

t h e c o m m u nit y ar e s h o w n i n Fi g. 3 . F or all t h e c a s e s, t h e wil dl a n d fir e 

p o siti o n s at t h e i niti al (l eft) a n d fi n al (ri g ht) ti m e st e p s ar e di s pl a y e d. 

T h e  r e s ult s  fr o m Fi g.  3 s h o w  d el a y e d  arri v al s  of  t h e  fir e  fr o nt  t o 

P ar a di s e, p arti c ul arl y f or c a s e s A, B, a n d C, w h er e t h e i niti al fir e l o c ati o n 

w a s f urt h er a w a y fr o m t h e c o m m u nit y. T hi s vi s u al a n al y si s of t h e r e s ult s 

s u g g e st s t h at S W UI F T si m ul ati o n s t h at st art fr o m l o c ati o n s f ar fr o m a 

c o m m u nit y m a y r e s ult i n i n a c c ur at e t e m p or al a n d s p ati al pr e di cti o n s of 

t h e a p pr o a c hi n g fir e fr o nt t o t h e c o m m u nit y. N o n et h el e s s, t o q u a ntif y 

t h e p erf or m a n c e of t h e si m ul ati o n s, t h e pr e di ct e d wil dl a n d fir e r at e of 

s pr e a d ( R O S) f or e a c h si m ul ati o n c a s e i s c o m p ar e d wit h t h e R O S t h at 

w o ul d h a v e b e e n e x p e ct e d f or t h e fir e t o r e a c h P ar a di s e at 7: 4 4 a. m. A 

s u m m ar y of t h e e x p e ct e d a n d pr e di ct e d wil dl a n d R O S i s pr e s e nt e d i n 

T a bl e  2 .  I n  all  c a s e s,  t h e  R O S  i s  c al c ul at e d  b a s e d  o n  t h e  tr aj e ct or y 

d e s cri b e d b y t h e s h ort e st str ai g ht-li n e di st a n c e b et w e e n t h e i niti al fir e 

p eri m et er a n d t h e li mit s of P ar a di s e. A n a v er a g e err or of − 3 6. 6 % w a s 

o b s er v e d f or t h e pr e di ct e d R O S. 

T h e  R O S  err or  i n  t h e  wil dl a n d  a p p e ar s  t o  b e  i n d e p e n d e nt  of  t h e 

di st a n c e  b et w e e n  t h e  i niti al  fir e  fr o nt  l o c ati o n  a n d  t h e  c o m m u nit y. 

H o w e v er, a n i n a c c ur at e fir e li n e c arri e d o v er f or l o n g er di st a n c e s will 

r e s ult i n a c c u m ul at e d i n a c c ur a ci e s i n t h e e sti m at e d ti m e of fir e arri v al at 

t h e c o m m u nit y. T h er ef or e, t h e cl o s er t h e i niti al di st a n c e b et w e e n t h e 

fir e a n d t h e c o m m u nit y, t h e l e s s err or i s c arri e d o v er i nt o t h e si m ul ati o n 

of  fir e  i n si d e  t h e  c o m m u nit y.  F or  e x a m pl e,  t h e  si m ul ati o n  i n  C a s e  A 

( wit h i n p ut at 6: 3 0 a. m.), w h er e t h e fir e fr o nt w a s i niti all y l o c at e d 8. 5 Fi g. 1. S p ati al d o m ai n f or a n al y si s of t h e C a m p Fir e.  

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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k m a w a y fr o m P ar a di s e, r e s ult e d i n a 4 1- mi n d el a y wit h r e s p e ct t o t h e 

a ct u al e v e nt o b s er v ati o n s. I n c o m p ari s o n, t h e si m ul ati o n i n C a s e E ( wit h 

i n p ut  at  7: 3 0  a. m.),  w h er e  t h e  fir e  fr o nt  w a s  i niti all y  l o c at e d  1. 1  k m 

a w a y fr o m t h e c o m m u nit y, i n di c at e d o nl y a 6- mi n d el a y wit h r e s p e ct t o 

t h e  a ct u al  ti m e.  T h e  o b s er v e d  i m pr e ci si o n s  ar e  li k el y  d eri v e d  fr o m 

S W UI F T ’s  si m pli fi e d  a n al y si s  f or  v e g et ati o n  fir e,  w hi c h  d o e s  n ot 

c o n si d er  v ari a biliti e s  i n  t h e  v e g et ati o n  pr o p erti e s  a n d  c o n diti o n s.  I n 

a d diti o n, t h e l o w-r e s ol uti o n wi n d d at a t h at w a s a v ail a bl e a n d u s e d a s a n 

i n p ut m a y h a v e i ntr o d u c e d i n a c c ur a ci e s i n t h e si m ul ati o n s. Fi n all y, it i s 

al s o i m p ort a nt t o c o n si d er t h at l o n g-r a n g e s p otti n g w a s a k e y dri v er of 

t h e  fir e  R O S  d uri n g  t h e  C a m p  Fir e  e v e nt  [2 1 ].  W hil e  S W UI F T  i n -

c or p or at e s a tr a n s p ort m o d el f or fir e br a n d s, it i s e x p e ct e d t o u n d er e s -

ti m at e t h e l o n g-r a n g e s p otti n g c o ntri b uti o n. 

A n ot h er o b s er v ati o n t h at c a n b e dr a w n fr o m t h e a n al y z e d c a s e s i s 

t h at S W UI F T i s n ot c a pt uri n g w ell t h e fir e e x p a n si o n i n t h e a cr o s s- wi n d 

dir e cti o n  t hr o u g h  t h e  wil dl a n d.  P arti c ul arl y  i n  c a s e s  A,  B  a n d  D,  t h e 

wi dt h of t h e fir e fr o nt w h e n arri vi n g t o P ar a di s e i s s m all er t h a n t h at i n 

C a s e  F,  w h er e  t h e  fir e  p o siti o n  c o m e s  dir e ctl y  fr o m  a  w e at h er  r a d ar 

o b s er v ati o n.  T hi s  b e h a vi or  i s  e x p e ct e d  f or  u nif or m  wi n d  c o n diti o n s, 

si mil ar t o t h e o n e s u s e d f or si m ul ati o n s of Fi g. 3 . T h e r e a s o n li e s i n t h e 

pr o c e d ur e  t h at  S W UI F T  f oll o w s  f or  tr a n s p orti n g  fir e br a n d s,  w hi c h  i s 

b a s e d  o n t h e pr o b a bili sti c a p pr o a c h pr o p o s e d b y Hi m ot o  a n d T a n a k a 

[ 2 9 ]. U n d er t hi s pr o c e d ur e, t h e l a n di n g di stri b uti o n of fir e br a n d s i n t h e 

a cr o s s- wi n d dir e cti o n i s d e s cri b e d b y a n or m al di stri b uti o n wit h a s m all 

st a n d ar d  d e vi ati o n.  Gi v e n  t h at  t h e  R A W S  wi n d  i n p ut  u s e d  f or  t h e s e 

si m ul ati o n s h a s l o w t e m p or al a n d s p ati al r e s ol uti o n s ( o n e a v er a g e wi n d 

s p e e d a n d m a xi m u m g u st f or t h e f ull s p ati al d o m ai n at e v er y h o ur), t h e 

o b s er v e d b e h a vi or of t h e si m ul at e d fir e pr o gr e s si o n wit hi n t h e wil dl a n d 

i s e x p e ct e d. U n d er m or e r e ali sti c c o n diti o n s, w hi c h c a n b e i m pl e m e nt e d 

i n f ut ur e st u di e s w h er e hi g h-r e s ol uti o n wi n d i n p ut i s a v ail a bl e, t h e fir e 

c a n  b e  e x p e ct e d  t o  h a v e  a  gr e at er  a cr o s s- wi n d  e x p a n si o n  d u e  t o 

fir e-i n d u c e d  at m o s p h eri c  cir c ul ati o n s,  t ur b ul e nt  e d di e s,  a n d  b ett er 

r e pr e s e nt ati o n of wi n d s p e e d a n d dir e cti o n. 

O v er all, t h e r e s ult s of t h e s e n siti vit y a n al y si s c o n fir m t h at if S W UI F T 

Fi g. 2. Fir e o b s er v ati o n s i n P ar a di s e d uri n g t h e 2 0 1 8 C a m p Fir e a d a pt e d fr o m M ar a n g hi d e s et al. [ 2 2 ].  

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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T a bl e 1 

D e s cri pti o n of si m ul at e d c a s e s i n t h e p a p er.  

S e cti o n  A n al y si s  D o m ai n of e v al u ati o n  C a s e T y p e of wil dl a n d fir e p o siti o n i n p ut  Si m ul ati o n st arti n g ti m e  Si m ul ati o n fi ni s hi n g ti m e 

4 W S A  Wil dl a n d C a s e A St ati c at 

6: 3 0 a. m. 

6: 3 0 a. m. 1 1: 0 0 a. m. 

4 W S A  Wil dl a n d C a s e B St ati c at 

6: 4 5 a. m. 

6: 4 5 a. m. 1 1: 0 0 a. m. 

4 W S A  Wil dl a n d C a s e C St ati c at 

7: 0 0 a. m. 

7: 0 0 a. m. 1 1: 0 0 a. m. 

4 W S A  Wil dl a n d C a s e D St ati c at 

7: 1 5 a. m. 

7: 1 5 a. m. 1 1: 0 0 a. m. 

4 W S A  Wil dl a n d C a s e E St ati c at 

7: 3 0 a. m. 

7: 3 0 a. m. 1 1: 0 0 a. m. 

4 W S A  Wil dl a n d C a s e F St ati c at 

7: 4 5 a. m. 

7: 4 5 a. m. 1 1: 0 0 a. m. 

7 T D S  C o m m u nit y U S F S ’ W UI m et h o d  D y n a mi c 6: 3 0 a. m. 1 1: 0 0 a. m. 

7 T D S  C o m m u nit y F R A P ’s W UI m et h o d  D y n a mi c 6: 3 0 a. m. 1 1: 0 0 a. m. 

7 T D S  C o m m u nit y N B H D m et h o d D y n a mi c 6: 3 0 a. m. 1 1: 0 0 a. m. 

N ot e: W S A = Wil dl a n d s e n siti vit y a n al y si s; T D S = T hr e e- D o m ai n S ol uti o n. 

Fi g. 3. R e s ult s of t h e si x c o n si d er e d s c e n ari o s. F or all c a s e s, t h e l eft p a n el s h o w s t h e i niti al fir e p eri m et er u s e d a s a st ati c si m ul ati o n i n p ut, a n d t h e ri g ht p a n el s h o w s 

t h e fir e p o siti o n at t h e ti m e st e p at w hi c h t h e fir e e nt er s P ar a di s e b a s e d o n S W UI F T si m ul ati o n. 

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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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. 

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 

Table 2 
ROS error for the sensitivity analysis cases.  

Simulation 
case 

Time of 
the static 
wildland 
fire input 

Initial 
distance 
from 
community 
(km) 

Expected 
wildland 
ROS (km/ 
h) 

SWUIFT s 
predicted 
wildland 
ROS (km/ 
h) 

ROS 
error 
(%) 

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 a.m. 1.1 4.7 3.3 30% 
F 7:45 a.m. 0 N/A N/A N/A  

F. Szasdi-Bardales et al.                                                                                                                                                                                                                       
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bl o c k  t h at  h a s  a  h o u si n g  d e n sit y  o v er  1  str u ct ur e  p er  4 0  a cr e s  ( 6. 2 

str u ct ur e s p er k m 2 ) a n d a v e g et ati o n c o v er a b o v e 5 0 % i s cl a s si fi e d a s 

‘I nt er mi x W UI’. If t h e bl o c k m e et s t h e h o u si n g d e n sit y crit eri a b ut h a s a 

v e g et ati o n c o v er b el o w 5 0 %, it c a n b e cl a s si fi e d a s ‘I nt erf a c e W UI ’ if it i s 

l o c at e d l e s s t h a n 2. 4 k m a w a y fr o m a v e g et ati o n ar e a (i. e., a n ar e a l ar g er 

t h a n  5  k m2 wit h  a  v e g et ati o n  c o v er  of  at  l e a st  7 5 %).  Ot h er wi s e,  t h e 

bl o c k i s cl a s si fi e d a s n o n- W UI. 

A m a p di s pl a yi n g t h e U S F S W UI c o v er f or t h e s p ati al d o m ai n of t hi s 

st u d y i s pr e s e nt e d i n Fi g. 4 . A c o nt o ur wit h t h e l e g al li mit s of P ar a di s e i s 

i n cl u d e d a s a r ef er e n c e. T h e U S F S’s W UI ar e a d o e s n ot f oll o w w ell t h e 

c o nt o ur of t h e cl u st er of b uil di n g s wit hi n P ar a di s e if l o w d e n sit y i nt er -

f a c e (li g ht pi n k s h a di n g) a n d l o w d e n sit y i nt er mi x (li g ht y ell o w s h a di n g) 

ar e i n cl u d e d. T h e r e s ulti n g ar e a i s a b ett er fit w h e n t h e l o w d e n sit y W UI 

(i nt erf a c e a n d i nt er mi x) i s o mitt e d. Alt h o u g h t h e ar e a o bt ai n e d fr o m t hi s 

a p pr o a c h vi s u all y r e s e m bl e s t h e l e g al li mit s of P ar a di s e, it off er s a u ni -

f or m pr o c e d ur e t h at c a n c o n si st e ntl y b e f oll o w e d f or diff er e nt c a s e s. 

5. 2. 2.  A p pr o a c h 2: F R A P W UI d e fi niti o n 

T h e s e c o n d a p pr o a c h c o n si d er e d i n t hi s st u d y i s b a s e d o n t h e W UI 

m a p s fr o m T h e C alif or ni a D e p art m e nt of F or e str y a n d Fir e Pr ot e cti o n ’s 

( C A L FI R E) Fir e a n d R e s o ur c e A s s e s s m e nt Pr o gr a m ( F R A P) [ 3 6 ]. T h er e 

ar e s e v er al k e y diff er e n c e s b et w e e n t hi s m a p pi n g m et h o d ol o g y a n d t h e 

o n e u s e d b y t h e U S F S. F or e x a m pl e, F R A P a p pli e s a mi ni m u m h o u si n g 

d e n sit y t hr e s h ol d of 1 str u ct ur e p er 2 0 a cr e s ( 1 2. 4 str u ct ur e s p er k m 2 ), 

a n d a r e a s s h o ul d b e wit hi n m o d er at e, hi g h, or v er y hi g h Fir e H a z ar d 

S e v erit y z o n e s t o b e c o n si d er e d a s W UI. A d diti o n all y, F R A P o p er at e s at a 

c o n si st e nt r e s ol uti o n ( 3 0 m c ell s) a n d e st a bli s h e s mi ni m u m t hr e s h ol d s 

f or t h e si z e of gr o u p e d c ell s. A s a r e s ult, F R A P’s d e fi niti o n r e s ult s i n a 

s m all er W UI ar e a t h a n U S F S ’s d e fi niti o n. 

F R A P ’s  W UI  m a p s  cl a s sif y  t h e  l a n d  c o v er  i nt o  f o ur  c at e g ori e s: 

i nt erf a c e,  i nt er mi x,  i n fi u e n c e  z o n e,  a n d  n ot  W UI.  T h e  di sti n cti o n  b e-

t w e e n i nt erf a c e a n d i nt er mi x i s b a s e d o n t h e wil dl a n d v e g et ati o n c o v er, 

w hil e t h e i n fi u e n c e z o n e i s a s si g n e d t o wil dl a n d v e g et ati o n wit hi n a 1. 5- 

mil e ( 2. 4 k m) b uff er fr o m t h e i nt erf a c e or i nt er mi x. T h e s h a p e fil e s wit h 

F R A P ’s W UI ar e a v ail a bl e t o t h e p u bli c o n C A L FI R E ’s w e b sit e [ 3 6 ]; t hi s 

st u d y w or k s wit h v er si o n 1 2_ 3 of t h e g e o s p ati al d at a. A m a p di s pl a yi n g 

t h e F R A P W UI c o v er f or t h e s p ati al d o m ai n of t hi s st u d y i s pr e s e nt e d i n 

Fi g. 5 . A c o nt o ur wit h t h e l e g al li mit s of P ar a di s e a n d t h e c o m m u nit y 

b uil di n g ’s f o ot pri nt s i s i n cl u d e d a s a r ef er e n c e. 

T h e  ar e a  d e s cri b e d  b y  t h e  c o m bi n ati o n  of  F R A P ’s  i nt erf a c e  a n d 

i nt er mi x  f oll o w s  w ell  t h e  c o nt o ur  of  t h e  gr o u p s  of  b uil di n g s  l o c at e d 

i n si d e  t h e  d o m ai n  of  t hi s  st u d y.  H o w e v er,  t h er e  ar e  m a n y  s m all  a n d 

s c att er e d i n d e p e n d e nt W UI ar e a s ( or a n g e a n d p ur pl e s h a di n g s) a s w ell 

a s  s e v er al  e m pt y  s p a c e s  i n si d e  t h e  m o st  pr o mi n e nt  W UI  cl u st er s  t h at 

g e n er at e ‘ n oi s e ’ a cr o s s t h e m a p. T h u s, t hi s W UI d e fi niti o n w o ul d pr o b -

a bl y  n ot  pr o d u c e  c o n si st e nt  c o m m u nit y  si m ul ati o n  d o m ai n s  wit h o ut 

a d diti o n al  pr o c e s si n g.  F or  e x a m pl e,  t h e  i s s u e s  c a n  b e  a d dr e s s e d  b y 

i n cr e m e nti n g t h e mi ni m u m t hr e s h ol d f or t h e si z e of gr o u p e d c ell s, a n d 

‘ filli n g’ all t h e e m pt y ar e a s t h at ar e s urr o u n d e d b y W UI. T h e eff e ct of 

t h e s e m o di fi c ati o n s will b e e x pl or e d i n t h e n e xt s e cti o n. 

5. 2. 3.  A p pr o a c h 3: a n e w n o n- W UI d e fi niti o n usi n g a n ei g h b or h o o d- b as e d 

h o usi n g d e nsit y m et h o d 

T h e t hir d a p pr o a c h t o d e s cri b e S W UI F T ’s C o m m u nit y D o m ai n s i s a 

n ei g h b or h o o d- b a s e d h o u si n g d e n sit y m et h o d, w hi c h will b e r ef err e d t o 

a s N B H D. T hi s m et h o d f oll o w s a pr o c e d ur e t h at d e s cri b e s c o m m u nit y 

b o u n d ari e s e x cl u si v el y b a s e d o n a c o nt o ur g e n er at e d fr o m a mi ni m u m 

h o u si n g d e n sit y t hr e s h ol d. N B H D i s n ot a W UI m a p pi n g m et h o d si n c e it 

d o e s n ot c o n si d er v e g et ati o n c o v er or ot h er tr a diti o n al crit eri a fr o m W UI 

d e fi niti o n s.  I n st e a d,  N B H D  f o c u s e s  e x cl u si v el y  o n  t h e  g e n er ati o n  of 

h o m o g e n e o u s c o nt o ur s t o b e u s e d a s c o m m u nit y b o u n d ari e s f or W UI fir e 

si m ul ati o n s w h er e a c o n n e cti o n wit h a d y n a mi c wil dl a n d fir e p o siti o n 

i n p ut  i s  r e q uir e d.  T h e  o nl y  i n p ut  f or  t hi s  m et h o d  i s  t h e  l o c ati o n  of 

str u ct ur e s,  w hi c h  c a n  b e  si m pli fi e d  a s  p oi nt s.  T hi s  gi v e s  N B H D  a n 

a d v a nt a g e i n t er m s of c o m p ut ati o n al ef fi ci e n c y a n d t h e p ot e nti al t o b e 

a p pli e d i n a n y l o c ati o n ar o u n d t h e w orl d. 

F or t hi s st u d y, t h e l o c ati o n of b uil di n g s i s o bt ai n e d fr o m t h e Mi cr o -

s oft f o ot pri nt s d at a b a s e [ 2 6 ] ( Fi g. 6 a). E a c h b uil di n g i s t h e n r e pr e s e nt e d 

a s  a  p oi nt  at  it s  g e o m etri c  c e nt er  ( Fi g.  6 b).  A  gri d  of  s q u ar e  bi n s  i s 

d e fi n e d,  a n d  d e n sit y  v al u e s  ar e  a s si g n e d  t o  e a c h  bi n  b a s e d  o n  t h e 

n u m b er of p oi nt s ( str u ct ur e s) i n si d e a s q u ar e- s h a p e d n ei g h b or h o o d t h at 
Fi g.  4. W UI  c o v er  f or  t h e  a n al y z e d  s p ati al  d o m ai n  b a s e d  o n  t h e 

U S F S d e fi niti o n. 

Fi g. 5. F R A P ’s W UI c o v er f or t h e a n al y z e d s p ati al d o m ai n.  

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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i s  pl a c e d  ar o u n d  t h e  bi n  (Fi g.  6 c).  T hi s  pr o c e d ur e  c a n  b e  p erf or m e d 

u si n g t h e ‘ C al c ul at e D e n sit y ’ t o ol [3 8 ] i n Ar c GI S Pr o 3. 0. 

A s et of ni n e d e n sit y m a p s i s g e n er at e d f or t h e a n al y si s d o m ai n t o 

i n v e sti g at e t h e eff e ct of diff er e nt n ei g h b or h o o d si z e s o n t h e g e n er at e d 

b o u n d ari e s.  E a c h  d e n sit y  m a p  u s e s  a  diff er e nt  n ei g h b or h o o d  si z e  t o 

c al c ul at e t h e d e n sit y of e a c h bi n, a n d ar e a s t h at s ur p a s s s p e ci fi c d e n sit y 

t hr e s h ol d s ar e i n cl u d e d i n t h e C o m m u nit y D o m ai n. F or all c a s e s, a 5 0 m 

bi n si z e i s u s e d f or t h e o ut p ut r e s ol uti o n. T h e r e s ult s ar e pr e s e nt e d i n 

Fi g. 7 . 

A s e x p e ct e d, t h e n ei g h b or h o o d ’s si z e u s e d t o c al c ul at e t h e d e n sit y f or 

e a c h  c a s e  aff e ct s  t h e  s h a p e  of  t h e  C o m m u nit y  D o m ai n.  L ar g e  n ei g h -

b or h o o d s t e n d t o a s si g n v er y si mil ar d e n sit y v al u e s t o bi n s t h at ar e cl o s e 

t o e a c h ot h er, pr o d u ci n g hi g hl y h o m o g e n e o u s ar e a s wit h c o nt o ur s t h at 

d o n ot f oll o w t h e di stri b uti o n of b uil di n g s w ell. O n t h e ot h er h a n d, s m all 

n ei g h b or h o o d s  t e n d  t o  c a pt ur e  l o c al  c h ar a ct eri sti c s,  pr o d u ci n g  n oi s y 

ar e a s t h at ti g htl y f oll o w t h e di stri b uti o n of b uil di n g s. I n s u m m ar y, t h er e 

Fi g. 6. St e p s t o c o m pl et e t h e N B H D m et h o d: ( a) r etri e v e b uil di n g ’s f o ot pri nt s, ( b) r e pr e s e nt e a c h b uil di n g a s a p oi nt l o c at e d i n it s g e o m etri c c e nt er, a n d ( c) a s si g n t o 

e a c h bi n t h e d e n sit y of it s s q u ar e- s h a p e d n ei g h b or h o o d. 

Fi g. 7. H o u si n g d e n sit y m a p s g e n er at e d u si n g t h e N B H D m et h o d wit h diff er e nt n ei g h b or h o o d si z e s, a s i n di c at e d i n t h e b ott o m ri g ht of e a c h fi g ur e.  

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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i s a tr a d e off b et w e e n t h e h o m o g e n eit y a n d t h e pr e ci si o n of t h e g e n er at e d 

ar e a s w h e n s etti n g t h e si z e of t h e n ei g h b or h o o d, a n d t h e o bj e cti v e h er e 

i s t o fi n d a n o pti m u m n ei g h b or h o o d si z e c o n si d eri n g b ot h attri b ut e s. 

F or t h e s p ati al d o m ai n a n al y z e d i n t hi s st u d y, a n ei g h b or h o o d si z e of 

5 0 0 m ( 2 5 0, 0 0 0 m 2 ) wit h a mi ni m u m d e n sit y t hr e s h ol d of 0. 5 str u ct ur e s 

p er a cr e ( 1 2 3. 6 str u ct ur e s p er k m 2 ) (Fi g. 7 ) p r o d u c e s t h e b e st r e s ult s b y 

g e n er ati n g h o m o g e n e o u s ar e a s t h at cl o s el y f oll o w t h e e xt er n al c o nt o ur s 

fr o m t h e cl u st er s of str u ct ur e s. Fi g. 8 off er s a m or e d et ail e d vi s u ali z ati o n 

of t hi s m a p f or t h e ar e a cl o s e t o P ar a di s e. T h e ar e a s pr o d u c e d b y t hi s 

s p e ci fi c c o m bi n ati o n of p ar a m et er s will r e pr e s e nt t h e N B H D m et h o d i n 

t h e a n al y si s pr e s e nt e d i n S e cti o n 7 . 

H a vi n g  d e s cri b e d  t h e  t hr e e  diff er e nt  a p pr o a c h e s,  t h e  n e xt  s e cti o n 

will c o m p ar e si m ul ati o n r e s ult s t o i d e ntif y w hi c h a p pr o a c h off er s t h e 

m o st a p pr o pri at e s ol uti o n f or S W UI F T t o r e c ei v e i n p ut fr o m a d y n a mi c 

wil dl a n d  fir e  p o siti o n  i n p ut.  A s  di s c u s s e d  e arli er,  S W UI F T  c a n n ot 

pr o p erl y  si m ul at e  fir e  s pr e a d  o ut si d e  of  t h e  C o m m u nit y  D o m ai n; 

t h er ef or e, t h e wil dl a n d fir e p o siti o n i n p ut will b e u p d at e d at diff er e nt 

ti m e st e p s u si n g t h e a v ail a bl e r a d ar- d eri v e d fir e p eri m et er s. R ul e s will b e 

e st a bli s h e d t o e n a bl e t h e i nt e gr ati o n of d y n a mi c fir e p o siti o n i n p ut wit h 

S W UI F T. 

6.  C o n n e cti n g a d y n a mi c wil dl a n d fi r e p o siti o n i n p ut t o t h e 

C o m m u nit y D o m ai n 

A s  d e m o n str at e d  e arli er,  hi g h er  a c c ur a c y  i n  S W UI F T ’s  si m ul ati o n 

r e s ult s i s e x p e ct e d w h e n t h e wil dl a n d fir e p o siti o n i n p ut i s cl o s e t o t h e 

c o m m u nit y ’s b o u n d ari e s. T h u s, t h e n e e d f or t w o diff er e nt d o m ai n s b e -

c o m e s e vi d e nt: a Wil dl a n d D o m ai n w h er e t h e fir e pr o gr e s si o n i s di ct at e d 

b y a wil dl a n d fir e si m ul ati o n pl atf or m or o b s er v ati o n s, a n d a C o m m u -

nit y D o m ai n w h er e t h e fir e pr o gr e s si o n i s di ct at e d b y S W UI F T. T o pr e -

v e nt c o n fii cti n g o ut p ut s, t h e s e d o m ai n s m u st b e e x cl u si v e ( n o o v erl a p), 

a n d o nl y o n e of t h e si m ul ati o n t o ol s m u st di ct at e h o w t h e fir e s pr e a d s 

wit hi n a s p e ci fi c d o m ai n. 

If t h e Wil dl a n d a n d C o m m u nit y D o m ai n s ar e e x cl u si v e, a s y st e m ati c 

a p pr o a c h t o tr a n sf er t h e wil dl a n d fir e pr o gr e s si o n i n si d e t h e C o m m u nit y 

D o m ai n m u st b e e st a bli s h e d. A dir e ct tr a n siti o n of t h e fir e li n e at t h e 

b o u n d ar y o v er si m pli fi e s t h e pr o bl e m b e c a u s e s u c h a s ol uti o n w o ul d n ot 

a c c o u nt f or t h e o c c urr e n c e of i g niti o n s i n si d e t h e c o m m u nit y c a u s e d b y 

fir e br a n d s g e n er at e d fr o m wil dl a n d v e g et ati o n a w a y fr o m t h e c o m m u -

nit y  b o u n d ari e s.  T hi s  i s  i m p ort a nt,  si n c e  fir e  s p otti n g  i s  c o n si d er e d  a 

m aj or m e c h a ni s m of fir e s pr e a d d uri n g wi n d- dri v e n wil d fir e s [ 3 9 – 4 1 ], 

a n d fir e br a n d s c a n p o s e a n i g niti o n ri s k f or v e g et ati o n a n d str u ct ur e s 

l o c at e d s e v er al kil o m et er s a w a y fr o m t h eir p oi nt of ori gi n [4 2 ]. S W UI F T 

c a n si m ul at e t h e g e n er ati o n, tr a n s p ort ati o n, a n d l a n di n g of fir e br a n d s 

f or b ot h str u ct ur e a n d v e g et ati o n c ell s, a n d t h er ef or e, it i s p o s si bl e a n d 

c o n v e ni e nt t o all o w S W UI F T t o g e n er at e a n d tr a n s p ort fir e br a n d s e v e n 

b ef or e  t h e  fir e  h a s  r e a c h e d  t h e  b o u n d ar y  b et w e e n  t h e  Wil dl a n d  a n d 

C o m m u nit y D o m ai n s. S u c h a n a p pr o a c h i s b e n e fi ci al w h e n wil dl a n d fir e 

i n p ut  c o m e s  fr o m  o b s er v ati o n s  of  a n  a ct u al  fir e  or  t h e  r e s ult s  of  a n 

e xi sti n g wil dl a n d fir e si m ul ati o n m o d el t h at c a n n ot si m ul at e fir e s p ot -

ti n g. It i s k n o w n t h at t h e di st a n c e tr a v el e d b y a fir e br a n d d e p e n d s o n t h e 

wi n d s p e e d [ 4 3 ] a n d t h at t h eir al o n g- wi n d l a n di n g c a n b e m o d el e d b y a 

l o g n or m al di stri b uti o n [2 9 ]. T hi s i m pli e s t h at t h e pr o b a bilit y of s p otti n g 

d e cr e a s e s wit h di st a n c e fr o m t h e s o ur c e. T h er ef or e, a c o m p ut ati o n all y 

ef fi ci e nt pr o c e d ur e c a n b e i m pl e m e nt e d b y li miti n g t h e fir e br a n d g e n -

er ati o n  ar e a  t o  a  c ert ai n  di st a n c e  ar o u n d  t h e  C o m m u nit y  D o m ai n 

c o n si d eri n g h o w f ar t h e fir e br a n d s c a n r e a c h. T h u s, a t hir d Tr a n siti o n 

D o m ai n  i s  i ntr o d u c e d  b et w e e n  t h e  Wil dl a n d  a n d  t h e  C o m m u nit y 

D o m ai n s. 

I n si d e t hi s Tr a n siti o n D o m ai n, t h e s o ur c e of fir e pr o gr e s si o n i n t h e 

wil dl a n d ( o b s er v ati o n s or a si m ul ati o n t o ol) s h o ul d r e m ai n i n c h ar g e of 

t h e fir e s pr e a d i n si d e t h e d o m ai n si n c e t h e s o ur c e of wil dl a n d fir e s pr e a d 

i s e x p e ct e d t o pr o vi d e m or e a c c ur at e fir e s pr e a d i n p ut. At t h e s a m e ti m e, 

S W UI F T c a n b e p arti all y a cti v at e d t o si m ul at e o nl y t h e g e n er ati o n a n d 

tr a n s p ort of fir e br a n d s a cr o s s t h e r e gi o n. T h e s e fir e br a n d s will o nl y h a v e 

t h e c a p a cit y t o c a u s e n e w i g niti o n s if t h e y l a n d i n si d e t h e C o m m u nit y 

D o m ai n or o v er a str u ct ur e pi x el (r e g ar dl e s s of w h er e it i s l o c at e d). If 

fir e br a n d s l a n d o v er a v e g et ati o n pi x el o ut si d e t h e C o m m u nit y D o m ai n, 

n o i g niti o n will o c c ur si n c e t hi s c a n r e s ult i n c o n fii cti n g fir e pr o p a g ati o n 

wit hi n t h e wil dl a n d. 

T h e Tr a n siti o n D o m ai n c a n b e r e pr e s e nt e d a s a b uff er t h at s urr o u n d s 

t h e  C o m m u nit y  D o m ai n,  c o nt ai ni n g  v e g et ati o n  c ell s  t h at  ar e  l o c at e d 

cl o s e e n o u g h t o t h e c o m m u nit y t o b e c o n si d er e d a s a p o s si bl e s o ur c e of 

fir e br a n d s  wit h  t h e  c a p a cit y  t o  r e a c h  c o m m u nit y  pi x el s  a n d  c a u s e 

i g niti o n. I n S W UI F T, t h e tr a n sf er m e c h a ni s m f or fir e br a n d s a d o pt s t h e 

pr o b a bili sti c di stri b uti o n s pr o p o s e d b y Hi m ot o a n d T a n a k a [ 2 9 ]. E q. ( 1) 

s p e ci fi e s t h e pr o b a bilit y of a fir e br a n d t o tr a v el di st a n c e x , w h er e σ x =

0. 3, μ y = 0, σ y = 4. 8 5, a n d μ x = l n( 3 0 × v ), a n d v i s t h e wi n d s p e e d i n 

m / s. 

p (x )  =

e x p

{

− [l n(x ) −μ x ]2

2 σ 2
x

}

x σ x

̅̅ ̅̅ ̅
2 π

√ (0 < x < ∞ ) E q. 1 

F or t hi s st u d y, t h e m a xi m u m wi n d s p e e d wit hi n t h e i n p ut d at a ( 1 7. 9 

m / s) w a s u s e d t o d et er mi n e t h e di st a n c e fr o m w hi c h n o m or e t h a n 1 % of 

t h e g e n er at e d fir e br a n d s ar e e x p e ct e d t o r e a c h t h e C o m m u nit y D o m ai n 

Fi g.  8. Vi s u ali z ati o n  of  t h e  h o u si n g  d e n sit y  m a p  g e n er at e d  u si n g  t h e  N B H D 

m et h o d  wit h  a  n ei g h b or h o o d  si z e  of  5 0 0  m  ( 2 5 0, 0 0 0  m 2 )  a n d  a  mi ni m u m 

d e n sit y t hr e s h ol d of 0. 5 str u ct ur e s p er a cr e ( 1 2 3. 6 str u ct ur e s p er k m 2 ) f o r t h e 

T o w n of P ar a di s e. 

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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1 0

d uri n g  a  S W UI F T  si m ul ati o n,  e v e n  wit h  t h e  m o st  f a v or a bl e  wi n d  di -

r e cti o n. It w a s f o u n d t h at a Tr a n siti o n D o m ai n d e s cri b e d b y a 1 0 8 0 m 

b uff er ar o u n d t h e C o m m u nit y D o m ai n s uf fi ci e ntl y m e et s t hi s r e q uir e -

m e nt.  T hi s  a p pr o a c h  t o  c h ar a ct eri z e  t h e  Tr a n siti o n  D o m ai n  i s  c o n v e -

ni e nt, si n c e it i s dir e ctl y r el at e d t o h o w S W UI F T o p er at e s, a n d c a n b e 

a dj u st e d a s a f u n cti o n of t h e wi n d c o n diti o n s f or f ut ur e c a s e s of st u d y. 

I n s u m m ar y, a ‘ T hr e e- D o m ai n S ol uti o n’ i s pr o p o s e d t o d e fi n e r e gi o n s 

wit h diff er e nt r ul e s wit hi n t h e s p ati al d o m ai n w h er e S W UI F T r e c ei v e s 

d y n a mi c  wil dl a n d  fir e  p o siti o n  i n p ut.  S W UI F T  i s  i n a cti v e  i n si d e  t h e 

Wil dl a n d D o m ai n, a n d t h e fir e s pr e a d s a s i n di c at e d b y a wil dl a n d fir e 

si m ul ati o n  pl atf or m  or  o b s er v ati o n s.  I n si d e  t h e  Tr a n siti o n  D o m ai n, 

S W UI F T b e c o m e s p arti all y a cti v at e d a n d si m ul at e s t h e g e n er ati o n a n d 

tr a n s p ort ati o n of  fir e br a n d s. T h e s e  fir e br a n d s c a n i g nit e  a n y c o m b u s -

ti bl e pi x el i n si d e t h e c o m m u nit y, a s w ell a s str u ct ur e pi x el s i n a n y ot h er 

l o c ati o n. Fi n all y, i n si d e t h e C o m m u nit y D o m ai n, S W UI F T i s c o m pl et el y 

a cti v e a n d si m ul at e s t h e fir e s pr e a d. T h e c o n c e pt of t h e T hr e e- D o m ai n 

S ol uti o n i s ill u str at e d i n Fi g. 9 . 

7.  C o m p a ri s o n of t h e p r o p o s e d a p p r o a c h e s t o d et e r mi n e t h e 

C o m m u nit y D o m ai n 

T hi s s e cti o n c o m pl et e s t h e a s s e s s m e nt of t h e pr o p o s e d a p pr o a c h e s 

f or  t h e  d e fi niti o n  of  t h e  C o m m u nit y  D o m ai n,  c o n si d eri n g  a  d y n a mi c 

wil dl a n d  fir e  p o siti o n  i n p ut  a n d  t h e  T hr e e- D o m ai n  S ol uti o n  c o n c e pt 

d e s cri b e d i n t h e pr e vi o u s s e cti o n. T h er ef or e, t h e f oll o wi n g C o m m u nit y 

D o m ai n o pti o n s ar e s el e ct e d a s si m ul ati o n i n p ut s: U S F S W UI, F R A P W UI, 

a n d t h e N B H D m et h o d. T h e r e s ulti n g C o m m u nit y D o m ai n s f or t h e c a s e 

st u d y  ar e  di s pl a y e d  i n Fi g.  1 0 .  T h e  mi ni m u m  ar e a  t hr e s h ol d  u s e d  t o 

o bt ai n a n i n d e p e n d e nt C o m m u nit y D o m ai n ar e a i s 1 k m 2 . A s m e nti o n e d 

e arli er,  a n y  o v erl o o k e d  ar e a  t h at  i s  s urr o u n d e d  b y  t h e  C o m m u nit y 

D o m ai n i s a d d e d t o t h e d o m ai n. 

All t h e si m ul ati o n c a s e s ar e r u n f oll o wi n g i n p ut s o ur c e s a n d m o d el 

s et u p di s c u s s e d i n S e cti o n 3 , wit h t h e e x c e pti o n t h at t h e T hr e e- D o m ai n 

S ol uti o n  i s  a d o pt e d.  T h er ef or e,  S W UI F T  o p er ati o n  i s  c o m pl et el y  or 

p arti all y li mit e d i n t h e Wil dl a n d a n d Tr a n siti o n D o m ai n s, r e s p e cti v el y. 

A n y  fir e  s pr e a d  o ut si d e  of  t h e  C o m m u nit y  D o m ai n  i s  b a s e d  o n  t h e 

w e at h er r a d ar d at a. Fi g. 1 1 pr o vi d e s t h e si m ul ati o n r e s ult s f or t h e U S F S 

W UI,  F R A P  W UI,  a n d  t h e  N B H D  m et h o d s. I n  all  t h e  c a s e s,  a  1 0 8 0  m 

b uff er ar o u n d t h e C o m m u nit y D o m ai n i s u s e d a s t h e Tr a n siti o n D o m ai n. 

A  vi s u al  i n s p e cti o n  of  t h e  si m ul ati o n  r e s ult s  ( Fi g.  1 1 )  s h o w s  l o w 

v ari a bilit y  i n  t h e  pr e di ct e d  fir e  s pr e a d  i n si d e  P ar a di s e  a m o n g  t h e 

diff er e nt C o m m u nit y D o m ai n d e fi niti o n s. B y 8: 3 0 a. m., t h e r e s ult s fr o m 

t h e t hr e e c a s e s i n di c at e t h at t h e fir e h a s st art e d s pr e a di n g i n si d e P ar a -

di s e fr o m t h e n ort h- e a st. T h e fir e i s pr e di ct e d t o h a v e r e a c h e d t h e vi -

ci nit y  of  R o c k y  L n,  m at c hi n g  NI S T ’s  o b s er v ati o n s  ( Fi g.  2 ,  m a g e nt a 

s y m b ol s). T o t h e s o ut h, t h e si m ul ati o n s i n di c at e t h at t h e fir e h a s cr o s s e d 

Elli ot R d, b ut t h e o b s er v ati o n s s h o w t h at t h e fir e i s f urt h er w e st b y a b o ut 

1. 2 k m. B y 9: 0 0 a. m., t h e r e s ult s pr e di ct t h e fir e r e a c hi n g t h e ar e a of 

R u b y L n b et w e e n Bill e R d a n d W a g st aff R d, m at c hi n g t h e NI S T o b s er -

v ati o n s ( Fi g. 2 , gr e e n s y m b ol s). I n t h e s o ut h, t h e w e st pr o gr e s si o n of t h e 

fir e i s n o w i n a gr e e m e nt wit h t h e o b s er v ati o n s, alt h o u g h it i s 0. 8 k m 

a w a y  fr o m  t h e  o b s er v ati o n s  n e ar  C A- 1 9 1.  B y  1 0: 0 0  a. m.,  t h e  fir e  i s 

pr e di ct e d  t o  h a v e  cr o s s e d  t h e  S k y w a y  a n d  C A- 1 9 1.  I n  t h e  n ort h,  t h e 

pr e di ct e d  fir e  fr o nt  i s  0. 6  k m  a w a y  fr o m  t h e  cl u st er  of  o b s er v ati o n s 

(Fi g. 2 , or a n g e s y m b ol s) m a d e at t h e H o n e y R u n C a n y o n, s o ut h of V all e y 

Vi e w Dr. T o t h e s o ut h, t h e pr e di ct e d fir e fr o nt r e a c h e s t h e o b s er v ati o n s 

m a d e t o t h e w e st of C A- 1 9 1. Fi n all y, b y 1 1: 0 0 a. m., all t h e si m ul ati o n s 

pr e di ct t h at t h e fir e h a s i m p a ct e d m o st of P ar a di s e, w hi c h a gr e e s wit h 

t h e  NI S T  o b s er v ati o n s  f or  t h e  r e s p e cti v e  ti m e  (Fi g.  2 ,  c y a n  s y m b ol s). 

B a s e d o n t hi s q u alit ati v e a n al y si s, t h e si m ul ati o n r e s ult s f or t h e t hr e e 

e v al u at e d c a s e s ar e f o u n d t o b e r el ati v el y a c c ur at e; h o w e v er, a q u a nti -

t ati v e a s s e s s m e nt i s c arri e d o ut t o c o n fir m t hi s o b s er v ati o n. 

T o c o m pl et e a q u a ntit ati v e a s s e s s m e nt of t h e r e s ult s, p ol y g o n s t h at 

r e pr e s e nt  i g nit e d  ar e a s  at  diff er e nt  ti m e s  ar e  g e n er at e d  fr o m  t h e  fir e 

o b s er v ati o n s b y NI S T ( Fi g. 2 ) a n d c o m p ar e d wit h S W UI F T r e s ult s fr o m 

t h e t hr e e a p pr o a c h e s. T hi s pr o c e d ur e i s p erf or m e d u si n g t h e ‘ A g gr e g at e 

P oi nt s ’ t o ol [4 4 ] i n Ar c GI S Pr o 3. 0. T o a c c o u nt f or t h e l o w d e n sit y of 

a v ail a bl e o b s er v ati o n s, t h e p ol y g o n s ar e g e n er at e d u si n g a n a g gr e g ati o n 

di st a n c e (i. e., t h e m a xi m u m di st a n c e b et w e e n p oi nt s t h at ar e cl u st er e d) 

of 2 k m. All t h e fir e o b s er v ati o n s b ef or e e a c h e v al u ati o n ti m e ar e u s e d t o 

g e n er at e t h e r e s p e cti v e i g nit e d ar e a. Al s o, t h e i g nit e d ar e a s ar e li mit e d 

t o t h e b o u n d ari e s of e a c h c o m m u nit y d o m ai n. Fi g. 1 2 s h o w s t h e i g nit e d 

ar e a s g e n er at e d fr o m NI S T ’s fir e o b s er v ati o n s, a s w ell a s t h o s e o bt ai n e d Fi g. 9. T hr e e- D o m ai n S ol uti o n c o n c e pt f or i nt e gr ati n g d y n a mi c wil dl a n d fir e 

i n p ut a n d fir e s pr e a d m o d eli n g i n a c o m m u nit y. 

Fi g. 1 0. C o m m u nit y D o m ai n s  o bt ai n e d  fr o m  t h e U S F S W UI,  F R A P W UI,  a n d 

N B H D a p pr o a c h e s. 

F. S z as di- B ar d al es et al.                                                                                                                                                                                                                       
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Fi g. 1 1. S W UI F T si m ul ati o n r e s ult s u si n g t h e T hr e e- D o m ai n S ol uti o n a n d C o m m u nit y D o m ai n s d e fi n e d b y t h e U S F S ’s W UI, F R A P ’s W UI, a n d N B H D m et h o d s.  
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1 2

fr o m  S W UI F T  si m ul ati o n s.  T h e  p oi nt s  fr o m  NI S T  o b s er v ati o n s  ar e 

i n cl u d e d i n t h e m a p s f or r ef er e n c e. T h e ar e a a n d c e ntr oi d c o or di n at e s f or 

all t h e i g nit e d ar e a s ar e pr e s e nt e d i n T a bl e 3 . 

T h e  si mil arit y  b et w e e n  o b s er v e d  a n d  si m ul at e d  i g nit e d  ar e a s  i s 

e v al u at e d u si n g t hr e e m etri c s: ( 1) di st a n c e b et w e e n c e ntr oi d s, ( 2) J a c -

c ar d I n d e x [ 4 5 ] ( E q. ( 2)), a n d ( 3) Sø r e n s e n – Di c e I n d e x [ 4 6 ,4 7 ] ( E q. ( 3)). 

F or  b ot h  i n d e x e s, A i s  t h e  i g nit e d  ar e a  g e n er at e d  fr o m  t h e  NI S T  fir e 

o b s er v ati o n s, a n d B i s t h e i g nit e d ar e a g e n er at e d fr o m S W UI F T o b s er-

v ati o n s. B ot h i n d e x e s r a n g e fr o m 0 t o 1, wit h a v al u e of 0 i n di c ati n g t ot al 

di s si mil arit y, a n d a v al u e of 1 i n di c ati n g t ot al si mil arit y. T h e m etri c s f or 

all t h e c a s e s ar e r e p ort e d i n T a bl e 4 . 

J (A ,B )  =
|A ∩ B |

|A ∪ B |
E q. 2  

S DI (A ,B )  =
2 |A ∩ B |

|A |  + |B |
E q. 3 

T h e q u a ntit ati v e a s s e s s m e nt al s o s h o w s l o w v ari a bilit y i n t h e pr e -

di ct e d  fir e  s pr e a d  i n si d e  P ar a di s e  a m o n g  t h e  diff er e nt  C o m m u nit y 

D o m ai n d e fi niti o n s. T h e m etri c s i n di c at e a m o d er at e si mil arit y b et w e e n 

t h e  pr e di ct e d a n d  o b s er v e d i g nit e d  ar e a s.  It s h o ul d b e  n ot e d t h at t h e 

g e n er at e d p ol y g o n s fr o m fir e o b s er v ati o n s m a y u n d er e sti m at e t h e e xt e nt 

of fir e c o n si d eri n g t h at NI S T d at a d o n ot c o v er all i g niti o n s. T h e r e s ult s 

v ali d at e t h e u s e of a C o m m u nit y D o m ai n t o li mit t h e ar e a w h er e S W UI F T 

will  b e  a cti v e  d uri n g  pr e di cti v e  si m ul ati o n s  a n d  t h e  T hr e e- D o m ai n 

S ol uti o n. 

O v er all, n o cl e ar a d v a nt a g e t h at j u sti fi e s t h e u s e of o n e of t h e a p -

pr o a c h e s  o v er  t h e  r e st  c a n  b e  o b s er v e d.  N o n et h el e s s,  t h er e  ar e  ot h er 

i m p ort a nt f a ct or s t o t a k e i nt o c o n si d er ati o n: t h e a v ail a bilit y of i n p ut s 

a n d  t h e  c o m p ut ati o n al  c o st.  I n  t er m s  of  i n p ut s,  t h e  t w o  a p pr o a c h e s 

Fi g. 1 2. I g nit e d ar e a s i n si d e t h e C o m m u nit y D o m ai n a c c or di n g t o fir e o b s er v ati o n s a n d si m ul ati o n r e s ult s.  
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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 

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 

Table 3 
Areas and centroid coordinates for observed and simulated ignited areas.  

Case Time Ignited areas generated from NIST fire observations Ignited areas generated from SWUIFT simulations 

Area (km2) Centroid s coordinates Area (km2) Centroid s coordinates 

X Y X 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 

USFS 

8:30 a.m. 0.49 

0.66 

0.55 

0.53 

0.71 

0.69 
9:00 a.m. 0.62 0.56 0.72 
10:00 a.m. 0.74 0.51 0.67 
11:00 a.m. 0.80 0.49 0.66 

FRAP 

8:30 a.m. 0.82 

0.76 

0.40 

0.50 

0.57 

0.67 9:00 a.m. 0.62 0.53 0.69 
10:00 a.m. 0.69 0.55 0.71 
11:00 a.m. 0.89 0.53 0.69 

NBHD 

8:30 a.m. 0.54 

0.65 

0.50 

0.54 

0.67 

0.70 
9:00 a.m. 0.65 0.52 0.68 
10:00 a.m. 0.60 0.57 0.72 
11:00 a.m. 0.80 0.55 0.71  
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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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