Geosci. Model Dev., 4, 59520, 2011 7N o

www.geosci-model-dev.net/4/591/2011/ GG Geoscientific
doi:10.5194/gmd-4-591-2011 Model Development
© Author(s) 2011. CC Attribution 3.0 License. -

Coupled atmosphere-wildland fire modeling with WRF 3.3 and
SFIRE 2011

J. Mandel!, J. D. Beezley, and A. K. Kochanski?

1Department of Mathematical and Statistical Sciences, University of Colorado Denver, Denver, CO, USA
2Department of Meteorology, University of Utah, Salt Lake City, UT, USA

Received: 5 February 2011 — Published in Geosci. Model Dev. Discuss.: 9 March 2011
Revised: 17 June 2011 — Accepted: 28 June 2011 — Published: 7 July 2011

Abstract. We describe the physical model, numerical algo- well as to help assess fire danger. Fire models range from
rithms, and software structure of a model consisting of thetools based ofRothermel(1972 fire spread rate formulas,
Weather Research and Forecasting (WRF) model, coupleduch as BehavePluaiidrews 2007 and FARSITE Einney,

with the fire-spread model (SFIRE) module. In every time 1998, suitable for operational forecasting, to sophisticated
step, the fire model inputs the surface wind, which drives the3-D computational fluid dynamics and combustion simula-
fire, and outputs the heat flux from the fire into the atmo-tions suitable for research and analysis, such as FIRETEC
sphere, which in turn influences the atmosphere. SFIRE igLinn et al, 2002 and WFDS Well et al, 2007). Behave-
implemented by the level set method, which allows a sub-Plus, the PC-based successor of the calculator-based BE-
mesh representation of the burning region and a flexible im-HAVE, determines the fire spread rate at a single point from
plementation of various kinds of ignition. The coupled model fuel and environmental data, FARSITE uses the fire spread
is capable of running on a cluster faster than real time evemate to provide operation 2-D simulation on a PC, while sim-
with fine resolution in dekameters. It is available as a partulations of wildfires spreading across areas of tens of kilo-
of the Open Wildland Fire Modeling (OpenWFM) environ- meters performed using FIRETEC or WFDS run slower than
ment athttp://openwfm.orgwhich contains also utilities for real time, even if executed on a parallel supercomputer.

visualization, diagnostics, and data processing, including an \jildland fire is a complicated multiscale process, from
extended version of the WRF Preprocessing System (WPSkhe flame reaction zone on milimeter scale to the synoptic
The SFIRE code with a subset of the features is distributedyeather scale of hundreds of kilometers. Since direct numer-
with WRF 3.3 as WRF-Fire. ical simulation of wildland fire is computationally intractable
and detailed data are not available anyway, compromises in
the choice of processes to be modeled, approximations, and
parametrizations are essential. Fortunately, a practically im-
portant range of wildland fire behavior can be captured by
1.1 Background the coupling of a mesoscale weather model with a simple
2-D fire spread modelQlark et al, 1996ab). Weather has

Wildland fires impact the lives of millions of people and @ major influence on wildfire behavior; in particular, wind
cause major damage every year worldwide, yet they are ®lays a dominant role in the fire spread. Conversely, the fire
natural part of the cycle of nature. Better tools for modeling influences the atmosphere through the heat and vapor fluxes
wildland fire behavior are important for managing fire sup- from burning hydrocarbons and evaporation of fuel moisture.

pression, planning controlled burns to reduce the fuels, a&ire heat output has a major effect on the atmosphere; the
buoyancy created by the heat from the fire can cause tor-

nadic strength winds, and the air motion and moisture from

Correspondence tal. Mandel the fire can affect the atmosphere away from the fire. It is
BY

(ilan.mandel@gmail.com) well known that a large fire “creates its own weather,” and

1 Introduction
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reproducing qualitatively the general wildland fire shape re-results as CAWFE, and the coupled model needs to be vali-
sults from the two-way interaction between the fire and thedated against real fires (Se8}.
atmospherelark et al, 1996ab, 2004 Coen 2005.

1.3 Other related work

1.2 Development of the coupled model code .
The level set method was used for a surface fire spread model

The coupled WRF and SFIRE codblgndel et al, 2009  in Mallet et al.(2009. Filippi et al. (2009 coupled the at-
combines the Weather Research and Forecasting ModdNospheric model Meso-nh with fire propagation by tracers.

(WRF) with the ARW dynamical coreSkamarock et al. ~ 119er (Mazzoleni and Gianninc201Q uses a 2-D combu-
2008 with a semi-empirical fire spread model. It is in- Sion model based on reaction-convection-diffusion equations

tended to be faster than real time in order to deliver a fore-2nd & convection model to emulate the effect of the fire on

cast. The code has grown out of the NCAR’s CAWFE codethe wind. FIRESTAR Korvan and Dupuy2004) is a phys-
(Clark et al, 1996ab, 2004 Coen 2005. CAWFE con- ically accurate wildland fire model in two dimensions, one
sists of the Clark-Hall mesoscale atmospheric model, couorizontal and one vertical. UU LES-Fir&n et al. 2009

pled with a tracer-based fire spread model. Although thecouples the University of Utah's Large Eddy Simulation code
Clark-Hall model has many good properties, it is a |egacywith the tracer-based code from CAWFE. See the survey by
serial code, not supported, and difficult to modify or use Sullivan(2009 for a number of other models.

for real cases requiring real meteorological data, topography,
and fuel maps, while WRF is a parallel supported commu-i'4 Release notes

hity code routinely used for real runs. S@een and Patton SFIRE is public domain software and it has been distributed

(Z(l)dll() f(;)rfla furth?r dt'.s cus?ﬁn of tzellr relat|\;e ;‘nznts ICVtFre]E as WRF-Fire in the WRF source codenétp://wrf-model.org
wridland Tire appiication. fhe modet was started as “since version 3.2, released in April 201Dudhia 2010.

Ff'rsv%f atj[t%ntﬁndt Coe(?t(,) OQ’C;NhO grtl)?osedca’la\c\zlslr:né) |r]:at|on The released version is updated periodically and supported
0 with the tracer-based model from » 10rMU~ 1y 'NCAR. The current version of SFIRE with the latest

It?tec.j a road ;n(;;\p, and T?:e the tlrr]nporte;nt obr?_engt;on thtafteatures and bug fixes and additional visualization tools,
dir6e::rt]lr)]/evrvrirt]r? sthe?ir::ea:;]o%el ievéiz t(?rrlj:r?irf’tr:,; II_(;rg;g Erdagysguides, and diagnostic utilities are available and supported at
. . ! http://openwfm.orgWRF-Fire in WRF 3.3 contains a subset

Simulation (LES) mode. Patton ported the Fortran 77-baseq) b-/7op g

. f the features described here. In particular, the wind reduc-
_f|r_e_ module from CAWFE to Fort_ran 90 gnd developed_ thetion factors and interpolation to different heights for different
initial coupled code with WRF, with the fire model running

fuels (Sectb) are not included in WRF 3.3, which effectively
%imits the version of the code there to runs with a single fuel.

tions between the two. However, instead of using the exist- : . .

. P This coupled model was briefly treated as one of the topics

ing tracer-based CAWFE code, the fire module SFIRE was M | . :
t al(2009. f th f th

developed based on the level set methGdher and Fed- In Mandel et al(2009. One of the purposes of this paper is

. S i tod ibe the fi dul d th li ith WRF i
kiw, 2003. A more complete timeline is available http: 0 describe the fire module and e coupling wi n

L the current code in sufficient detail, yet understandable to a
[Iwww.openwfm.org/wiki/OpenWFMlevelopmennotes reader not familiar with WRF.

One of the reasons for replaping the fi.re pro'pagation New features in since WRF version 3.2 and the pafn-
scheme was that the representation of the fire region by thaeI et al.(2009 include new ignition models, vertical in-

level set fur_1ction was tho_ught tq be_ more flexible than theterpolation of the wind from a logarithmic profile, fetching
representation of the burning region in CAWFE by four trac- o resoiution geogrid data, terrain gradient interpolation,

ers in each cell of the fire mesh. In particular, the level set, 4 optional input of fuel map, land use map, and topogra-
function can be manipulated more easily than tracers for th%hy from files in ideal runs ' ’

purpose of data assimilation. (Note that the tracers are related

to particles, used in computational fluid dynamics, and they; 5 cContents

represent a Lagrangian approach, while the level set method

is an Eulerian approach.) Insertion of the heat fluxes, whileThe paper is organized as follows. The model grids are de-

fundamentally the same as in CAWFE, had to be redone foscribed in Sect2. The fire model is presented in Se8tthe

WRF variables already in Patton’s initial code. Thus, only atmospheric model is briefly reviewed in Sedt.and their

the code for the calculation of the fire spread rate and thecoupling is described in Sed&. Section6 describes the par-

heat fluxes remained from CAWFE. allel computing structure of the code and the limitations it
While SFIRE takes advantage of the experience accumuimplies for the choice of the numerical algorithms. Data in-

lated with CAWFE, WREF is quite different from the Clark- put and preprocessing are described in Sécand the re-

Hall atmospheric model and the fireline propagation algo-quired WRF settings are in Se&t. Section9 contains some

rithm in SFIRE is also different. Thus, it needs to be demon-early results and a validation plan, and S&étis the discus-

strated that WRF coupled with SFIRE can deliver similar sion and conclusion.

Geosci. Model Dev., 4, 598540, 2011 www.geosci-model-dev.net/4/591/2011/
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2 Domain, grids, and nodes

eral 3-D grid on the Earth surface, and uses a sequence of w
horizontally nested grids, called domains. Only the inner-
most (the finest) atmospheric domain is coupled with the fire 4
model; see also Se@. Scalar variables in the atmospheric ¢S
model are located at the centers of the 3-D grid cells, while:
the wind vector components are at a staggered grid at the

v

/
The atmospheric model operates on a logically quadrilat- /

.—

midpoints of the cell faces. The fire model operates on a /// /,/ ///
refined fire mesh (Fidl), and all of its variables are all rep- 7 7
resented by their values at the centers of the cells of the fir

mesh.

Fig. 1. One 2x 2 tile with the lowest layer of the atmospheric grid
] and the fire mesh on the surface shown. Wind vector components
3 Fire model u, v, w are located at the midpoints of the sides of the atmospheric

grid cells. Some faces are colored for perspective.
The physical fire model is described in Se@4l, 3.2, and

3.3 It consists of functions specifying the fire spread rate

and the heat fluxes, and it is essentially the same as a subs@2 Fire spread rate

of CAWFE (Clark et al, 2004 Coen 2005. The spread rate

calculation is in turn based on BEHAVIRGOtherme| 1972  The fire model is posed in the horizontal, (y) plane the
Andrews 2007). It is described here in more detail for the Earth surface is projected on. The semi-empirical approach
sake of reproducibility and to point out the (minor) differ- to fire propagation used here assumes that the fire spread rate

ences. is given by the modifiedRothermef1972 formula
The mathematical core of the fire model is described in
Sects.3.4, 3.5, and3.6. It consists of the numerical algo- S =Ro(1+¢w+¢s), (1)

rithms for the fireline propagation, fuel computation, and re- h is th q in the ab £ Witk is th
lated functions, such as ignition. The core is independent oivhereRo is the spread rate in the absence o wipg,is the

any particular fire spread and burn models, and it opera’te¥"ind factor, ands is the slope factor. The_ components of
on dimensionless variables. This description here is basegq (1) are computed from the fuel properties (Taltjethe

onMandel et al(2009, with numerous updates and the new Wind speed’, and the terrain slope tgrfollowing the equa-
developments announced in the introduction. tions in Table2. The wind speed/ is at the so-called mid-

flame level, which is one of the quantities given in the fuel
3.1 Fuel properties categories. We support interpolation to 6.1 m (21 ft) and the
use of wind reduction factor8aughman and Albinil980,
Fuelis characterized by the quantities listed in Tdblghich as well as direct interpolation of the wind to a given mid-
are given at every point of the fire mesh. To simplify the flame level; see Sech.2 We refer toRothermel(1972) for
specification of fuel properties, fuels are given as one of 13further details, derivation, and justifications of the computa-
Anderson(1982 categories, which are preset vectors of val- tion of the terms in Eq.X). The only differences here from
ues of the fuel properties. These values are specified in aRothermel(1972) are the subtraction of the moisture from

input text file famelist.fire ), and they can be modi- the fuel load in the computation rather than up front, limit-
fied by the user. The user can also specify completely newing the slope and the windspeed, and the explicit reduction
custom fuel categories. of wind to midflame height.

The fire spread model is based on average values of fuel The spread rate can be written as
properties. The fuel categories assign a single vector of fuel
coefficients to a fairly broad description of vegetation cover, S = max[ So, Ro -+ cmin{e,max{0, U}}" +dmax{0,tan¢}2] 2)
with similar average fire propagation properties. In prepro-
cessing, downscaling and upscaling fuel category data to thevhereSp, Ro, b, ¢, d, e are the fuel-dependent coefficients
fire mesh resolution is handled in WPS by setting a cell inthat represent the spread rate internally. These coefficients
the model to whatever category is dominant in the data forare stored for every grid point. The representation of the
that area. spread rate by Eq2] supports also other models, such as
a chaparral model fror@lark et al.(2004).
At a point on the fireline, denote by the outside normal
to the fire regionlU the wind vector, and the terrain height.
The normal component of the wind vectdr= U -n, and the

www.geosci-model-dev.net/4/591/2011/ Geosci. Model Dev., 4,680-2011
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Table 1. Fuel properties. The notation is froRothermel1972 except as indicated. The identifiers are as used in SFIRE or CAWFE. In the
input files, some quantities are given in English unitsRetherme(1972; seeWang et al(201Q p. A-5).

Symbol  Description Identifier
a wind adjustment factolBaughman and Albinil980 windrf
from 6.1 m to the fuel wind (“midflame”) height (Sect.5.2)
2 fuel wind height (Sect5.2) fwh
20 fuel roughness height (Seét2) fz0
w fuel weight (i.e., burn time) (s)
40 % decrease of fuel in 10 min far=1000 weight
wy total fuel load (kg n?2) fgi
Sm fuel depth (m) fueldepthm
o fuel particle surface-area-to-volume ratio (T %) savr
M, moisture content of extinction (1) fuelmce
PP ovendry fuel particle density (kg Tr?) fueldens
ST fuel particle total mineral content (1) st
SE fuel particle effective mineral content (1) se
h fuel heat contents of dry fuel (J kd) cmbcenst
M; fuel particle moisture content (1) fuelmc g

normal component of the terrain gradient,¢an Vz-n, are
used to determine the spread rate, which is interpreted as thewill have to be justified by comparison with experiments.
spread rate in the normal directian

3.3 Fuel burned and heat released

Each location starts with fuel fractiafi = 1. Once the fuel is
ignited at a time;, the fuel fraction decreases exponentially,

F(t):exp(—@), t>1f, (3)
i

wheret is the time,s; is the ignition time,Fp is the initial
amount of fuel, and; is the fuel burn time, i.e., the number
of seconds for the fuel to burn down tgéel~ 0.3689 of the
original quantity. Since by definition of the fuel weight
(Tablel), the fuel burns down to 0.6 of the original quantity
in 600 s whenw = 1000, we have

0.6(16—0%) 1000 exp(— (t—1) ) ’
Ty

which gives

600w w

11 ="=1000In06 "~ 0.8514

The input coefficient is used in SFIRE rather thah for
compatibility with existing fuel models and literature. The by x = (x,y). The burning region at timeis represented by
fuel weightw is given by the user in the input data as one a level set functions =y (x, ) as the set of all points such
of the coefficients in the fuel categories. The default valuesthat ¥ (x,#) <0. There is no fire ak if ¥ (x,t) >0. The
are from the CAWFE code, which, accordingGtark et al.
(2004 p. 55), were chosen to approximate the mass-losdireline, the tangential component of the gradignt is zero.
curve from the BURNUP algorithmA(bini and Reinhardt
1995. The speed of burning is currently taken to be indepen- Vi

dent of the wind speed and the fuel moisture. Taking thesd® = W' (6)

Geosci. Model Dev., 4, 59510, 2011

factors into consideration is a subject of future research, and

The average sensible heat flux density released in time in-
terval (¢,7 + Ar) is computed as

_fF® i t(“rm) 1+1Mf weh, (Wm?) )
and the average latent heat (i.e., moisture) flux density is
given by
F(t)—F(t+ At) My +0.56
.7 At 1+ My

where 0.56 is the estimated mass ratio of the water output
from the combustion to the dry fuel, afic= 2.5x 10° Jkg*

is the specific latent heat of condensation of water 4t,0
used for nominal conversion of moisture to heat. This com-
putation is from CAWFE.

It should be noted that there is significant uncertainty in the
data as well as in the approximations made above, and many
factors that influence the spread rate are not accounted for.
See Sectl0.3for a more complete discussion and possible
future improvements.

h

Ly, (Wm*2> (5)

3.4 Fire propagation by the level set method

The model maintains a level set functign the time of igni-
tion ¢, and the fuel fractiorF. Denote a point on the surface

fireline is the set of all points such that) (x,#) =0. On the

Hence, the outside normal vector at the fireline is

www.geosci-model-dev.net/4/591/2011/
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Table 2. Computation of the fire spread rate factorsipftom the fuel properties (Tabl®), the wind speed/ at 6.1 m, and the terrain slope
tang. All equations are fronRothermel(1972 unless otherwise indicated. All input quantities are first converted from metric to English
units (BTU-Ib-ft-min) to avoid changing the numerous constants inRbthermel(1972 computations. Further, following CAWFE, the
wind is limited to between 0 and 30 m$ and the slope is limited to nonnegative values. The values marked in bold are the final factors that

enter into the spread rate computati@h (

Equation Description Source
Ro= pblfélg spread rate without wind Eq. (52)
&= exp{ (0 7912;21?)82123;) ($+0D)] propagating flux ratio Eq. (42)
IR=Twnhnpns reaction intensity Eq. (52)

ng = 0.174S’0'19 mineral damping coefficient Eq. (30)
m=1-2. 59 +5 11( )2 — 3.52(%—1)3 moisture damping coefficient Eqg. (29)
wn= m fuel loading net of minerals Eq. (24)
wg = lfi/(,,/ total fuel load net of moisture from CAWFE
= Fmax(ﬂipyexp[A (1— %p)] optimum reaction velocity Eq. (36)
Tmax= %07;;715 maximum reaction velocity, Eq. (36)
B= gg packing ratio Eg. (31)
op =" oven dry bulk density Eg. (40)
A= Wﬁm Eq. (39)
£= exp( 138) effective heating number Eq. (14)
Qg =2508+1116M ¢ heat of preignition Eqg. (12)
ow = Cmafo (ﬂ%)E wind factor Eq. (47)
Cc= 7.47exp(—o.13300-55) Eq. (48)
Us=aUorU,=U adjustment to midflame height, if needed S&c2here
E= O.715exp(—3.59>< 10—40) Eq. (50)
#s=5.2758"3tarl¢ slope factor Eq. (51)

Now consider a poink (¢) that moves with the fireline.

Then the fire spread rateatx in the direction of the normal

nis
ax

S=n-—,
ot

and, from the definition of the fireling; (x (¢),1) =0. By the
chain rule and substituting from Eg$) @nd (7), we have

dy 0y ox vy dy

:_””( D=5 T axor Ty o

_W dx) _ v
= +||vw||(n 3t>- S HSIvYlL

So, the evolution of the level set function is governed by the

partial differential equation

www.geosci-model-dev.net/4/591/2011/

(7)

(8)

oY
—+S|IVy =0,
o TSIV

©)

called thelevel set equatiofOsher and Fedkiy2003. The

spread rates is evaluated from2) for all x, not just on the

fireline. SinceS > 0, the level set function does not increase

with time, and the fire area cannot decrease, which also helps
with numerical stability by eliminating oscillations of the

level set functiony in time.

The level set equation is discretized on a rectangular grid

with spacing(Ax,Ay), called the fire grid. The level set

function v and the ignition time; are represented by their

values at the centers of the fire grid cells. This is consistent
with the fuel data given in the center of each cell also.

Geosci. Model Dev., 4,680-2011
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To advance the fire region in time, we use Heun’s methodworked better in the computation of the normal veaidry
(Runge-Kutta method of order 2), Eqg. 6), which is used to evaluate the normal component of
n+1/2 _ n n the wind and the slope in ER)
4 =Y+ A (v ) We have found that even if the scheme is first-order in
1 1 1 12 space, a second-order method in time was required. For a
YT ="+ At (EF(W) +5F (w” / )) : (10)  first-order method (Euler's method), there was too much sys-
) ) ) . o tematic error in the positive direction, causing the fire to dis-
The right-hand sideF is a discretization of the term gphpear quickly.
—S|IVy || with upwinding and artificial viscosity, Before computing the finite differences up to the bound-
F)=—SW-n.Vz-n)|¥ R, 11 ary, the level set function is extrapolated to one layer of nodes
W) W-n,Vz-n) H l//H Tesy (11) beyond the boundary. However, the extrapolation is not al-
wheren = Vy//||[Vy || is computed by finite central differ- lowed to decrease the value of the level set function to less
ences an&yr = [Vxx//,vyw] is the upwinded finite differ- than the value at either of the points it is extrapolated from.
ence approximation o¥y by the essentially nonoscillatory For example, whely, j) is the last node in the domain in the
(ENO) method of order oné&sher and Fedkiy2003 p. 59),  directionx, the extrapolation

Vv i1V, y <0 and Vv <0, Vigsj=max{yi; + (Vij — Vi-1;). Vij. Yi-1j },

i ¥y 20 ad iy =0 i d, and similarly in the oth This i ded t
= ) — — et is used, and similarly in the other cases. This is needed to
Y= 2‘/’ ff Ve =0 andiiWEO’ and |ifw)z‘i*f" (12) avoid numerical instabilities at the boundary. Otherwise, a

Vet it Y,y =0 and Vv <0, and [V, v|< |V v, decrease iny at a boundary node, which may happen with

otherwise 0 non-homogeneous fuels in real data, is amplified by the ex-
whereV; ¢ andV; y are the right and left one-sided finite {rapolation, and keeps decreasing at that boundary node in
differences every time step until it becomes negative, starting a spurious

fire.
Viv(x,y) = Yo tAax.y) I/f(x’y), The model does not support fire crossing the boundary of
— the domain. When < 0 is detected near the boundary, the
_ V(x,y)— ¥ (x —Ax,y) simulation terminates. This is not a limitation in practice,
Ve (xy) = Ax ; because the fire should be well inside the domain anyway for
o ] . a proper response of the atmosphere.
and similarly forv,7y and vy . Further, in Eq. 11), ¢ is The ignition timez in the strip that the fire has moved
scale-free artificial viscosity(= 0.4 here), and over in one time step is computed by linear interpolation
Ay = Viv—Viy+Viy—Viy from the level set function. Suppose that the points
not burning at time but is burning at time + A, that is,
Y(x+Ax,y)=2¢(x,y)+¢¥ (x—Ax,y) ¥ (x,t) >0 andy (x,t + At) < 0. The ignition time ak sat-
- Ax isfiesy (x,1 (x)) =0. Approximatingy by a linear function

+ similar term for y in time, we have
is the five-point Laplacian ofs scaled so that the artificial ¥ .6 —¥ (x.1) ¥ (x.1+ A1)~y (x,1)
viscosity is proportional to the mesh step, fi(x)—t t+ At —ti(x)

Xy~ 3%y 92 and we take
VAT AT ¥ (X, 1) At
f(x)=t+ . (13)
Although the ENO method theoretically should alone be suf- V(x, 1) =y (x, 1+ A1)

ficient to prevent instabilities, we have found that the addi- 5 g Computation of the fuel fraction
tional viscosity was needed, otherwise in some cases insta-

bilities do occur. . o The fuel fraction is approximated over each fire meshcell
A numerically stable scheme with upwinding, such aspy integrating Eq. ) over the fire region. Hence, the fuel

Eq. @2), is required to compute the terfiVy || in the level  fraction remaining in celC at timer is given by
set Eq. 9). However, in our tests, the gradient by standard

central differences, Fe1_ 1 // 1—exp<—t —1 (X)>dx. (14)
[Y@+axy) — ¢ (= Dx.y) aredc) . i)
Vlﬁ ~ 2/ x > ¥(x,0)<0
Y(x,y+Ay)—¢(x,y—Ay) Once the fuel fraction is known, the heat fluxes are com-
20y ’ puted from Eqgs.4) and ). This scheme has the advantage

Geosci. Model Dev., 4, 598540, 2011 www.geosci-model-dev.net/4/591/2011/
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that the total heat released in the atmosphere over time is ex-
act, regardless of approximations in the computation of the 2 _ 1L " 4
1
|
1

integral Eq. {4). Our objective in the numerical evaluation
of Eq. (14) is a method that is second order accurate when G
the whole cell is on fire, exact when no part of the a@ll
is on fire (namely, returning the value one), and provides a o ° Ghiess
natural transition between these two cases. Just like stan- \
dard schemes in numerical analysis can be derived from the
requirement that they are exact for all polynomials up to a
given degree, the guiding principle here is that the scheme -0
should be exact in as many special cases as possible. Then
we expect that the scheme should work well overall.

While the fuel burn timdf; can be interpolated as constant
over the whole cell, the level set functignand the ignition
time f; must be interpolated more accurately to allow a sub- .

. : no fire

mesh representation of the burning area and a gradual release \
of the heat as the fireline moves over the cell. In addition, we ~ o S
need the fuel fraction computed over each mesh cell, because
the heat fluxes in the mesh cells are summed up to give the
heat flux in an atmospheric cell. Our solution is to split eachrig. 2. pivision of fire mesh cells into subcells for fuel fraction
cell into 4 subcells”;, interpolate to the corners of the sub- computation. The level set function and the ignition time; are

cells, and add the integrals, given at the centeray, ...,a4 of the cells of the fire grid. The in-
tegral (L5) over the cellC with the centems is computed as the
1 t—ti(x) d sum of integrals over the subcelly,...,C4. While the values of
—&Xp\ — Tt (x) x Y andy are known au3 = x3, they need to be interpolated to the
wff)io remaining corners 1, xo, x4 of the subcellC; from their values at
4 - the pointsay,...,aq.
t—ti(x
=Z/f 1—exp<— i€ )>dx, (15)
= T (x)
J=4ec;
J 4
¥ (x)<0

Z ‘l‘i (aj) —t—cx//(aj)‘z—> min
cf., Fig. 2. The level set functiony is interpolated bilinearly j=1
to the vertices of the subcell§;, and the burn timefy is ~ V(@/)<0
constant on eacl;, given by its value at the fire grid nodes. and set again (c) =cy (¢).
To compute the integral over a subc€gl, we first estimate
When the whole cell is on fire (thatisyy <0 on all four  the fraction of the subcell that is burning, by
vertices ofC), 1; is interpolated also linearly to t_he yertices of aredx € C; 1y (x) <0} 1 Zz=1‘l/(xk)
the subcell€ ;. However, the case when the fireline crosses areaC)) ~p= s\t 2 o) (17)
the cell C requires a special treatment of the ignition time J Y=l (o)l
ti; ti (x) has meaningful value only when the nadds on  wherex, are the the corners of the subc€ll. This approxi-

fire, ¥ (x) < 0. Also, on the firelineyr (x) =0 ands; (x) =¢. mation is exact when no part of the subag}l, is on fire, that
Thus, approximating bot#r ands in the fire region by linear s, all ¥ (x;) > 0 and at least on¢ (x;) > 0; the wholeC;
functions suggests interpolating from the relation is on fire, that is, alky (x;) <0 and at least oné (x;) <O;

or the values) (x) define a linear function and the fireline
ti—t=cy, (16) crosses the subcell diagonally or it is aligned with one of the

coordinate directions.
for somec. We interpolate on the grid lines between two  Next, replace; (x;) by  whenv (x;) > 0 (i.e., the node
nodes first. If both nodes are on fire, we interpolate xi is not on fire), and compute the approximate fraction of
bilinearly as before. However, when one cell center is onthe fuel burned as
fire and one not, say (a1) > 0, ¥ (a2) <0, we find the 1 t—ti(x)
proportionality constant in Eq. (L6) from fi(a2) =cV/ (@2),  areaC) // 1—exp<— Tr (%) ) *
and set; (b) = ¢y (b) at the midpoinb = (a1 +a>2) /2. Inthe ’ xeC
case of interpolation to the node=(a1+az2+asz+as)/4 4
between nodewi1,a,as3,a4, we find the proportionality ’“ﬂ(l—EXp<—%Ztl (xk)—t>> (18)
k=1

(x,1)<0

constant by solving the least squares problem Tz
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This calculation is accurate asymptotically when the fuel4 Atmospheric model

burns slowly and the approximatigh of the burning area
is exact.

3.6 Ignition

We summarize some background information about WRF-
ARW from Skamarock et al2008), to the extent needed to
understand the coupling with the fire module.

The model is formulated in terms of the hydrostatic pres-

Typically, a fire starts from a horizontal extent much smaller syre vertical coordinatg, scaled and shifted so that= 1 at

than the fire mesh cell size, and both point and line igni-

the Earth surface angl=0 at the top of the domain. The

tion need to be supported. The previous ignition mechanisnyoverning equations are a system of partial differential equa-

(Mandel et al. 2009 ignited everything within a given dis-

tance from the ignition line at once. This distance was re- @
quired to be at least one or two mesh steps, so that the initia% =R(D),

tions of the form

(21)

fire is visible on the fire mesh, and the fire propagation algo-

rithm from Sect3.4 can catch on. This caused an unrealisti-

cally large initial heat flux and the fire started too fast.

where R contains also the advection terms, add=
(U,V.W,¢,©, 1/, Om). The fundamental WRF variables

The current ignition scheme achieves submesh resolutio@re 1 = w(x,y), the hydrostatic component of the pressure
and zero-size ignition. A small initial fire is superimposed on differential of dry air between the surface and the top of the
the regular propagation mechanism, which then takes oveidomain, written in perturbation form =7 + ', wherez

Drip-torch ignition is implemented as a collection of short

is a reference value in hydrostatic balante:= uu, where

ignition segments that grows at one end every time step. Mul# =u (x,y,n) is the Cartesian component of the wind veloc-

tiple ignition segments are also supported.

The model is initialized with no fire by choosing the level
set functiony (x, r9) =const> 0. Consider an initial fire that
starts at timeg on a segmend, b and propagates in all di-
rections with an initial spread rat® until the distancey is
reached. At the beginning of every time steguch that

g
Tgfffl‘g—i-s—g,

we construct the level set function of the initial fire,

Vg (1) =dist(x,a,b) — gt ~1g) (19)
and replace the level set function of the model by
¥ (x,0) :=min{y (x,1), Yg(x.0)}. (20)

For a drip-torch ignition starting from pointat timezg at ve-
locity v until time #, the ignition line at time is the segment

a,a+v(min{r,m}—1g), and Eq. {9) becomes

Yglx,t) = dist(x,a,a +v (min{t,th} —tg))
—min{rg, Sg(r —1g)}

followed again by Eq.Z0), at the beginning of every time

step begining at timesuch that
tg<t<th+ "9

The ignition time of newly ignited nodes is set to the arrival
time of the fire at the spread rafg from the nearest point on
the ignition segment.

Geosci. Model Dev., 4, 59510, 2011

ity in the x-direction, and similarlyy andW; ® = u6, where
6 =0 (x,y,n) is the potential temperature;= ¢ (x,y,n) =
¢+ ¢’ is the geopotential; an@m = ugm is the moisture
content of the air. The variables in the stdteevolved by
Eq. 21 are called prognostic variables. Other variables
computed from them, such as the hydrostatic presgutiee
thermodynamic temperatuf®, and the height, are called
diagnostic variables. The variables that confaiare called
coupled. The value of the right-hand sifl€¢®) is called ten-
dency. Se&kamarock et al2008 p. 7-13) for details and
the form of R.

The systemZ1) is discretized in time by the explicit 3rd
order Runge-Kutta method

At

Py = ®’+?R(CI>I)
At

P2 =& +—R(P1)

QA = @' 4+ ArR(D3) (22)

where the differential operatat is discretized by finite dif-
ferences and the tendencies from physics packages, such as
the fire module, are updated only the third Runge-Kutta step
(Skamarock et al.2008 p. 16). In order to avoid small
time steps, the tendency in the third Runge-Kutta step also
includes the effect of substeps to integrate acoustic modes.

5 Coupling of the fire and the atmospheric models

5.1 Interpolation of the terrain gradient

The terrain gradient is computed from the terrain height at the
best available resolution and interpolated to the fire mesh in
preprocessing. If no better resolution is available, the terrain
height from the atmospheric model can be used. Interpolat-
ing the height and then computing the gradient would cause
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jumps in the gradient, unless high-order interpolation is usedwhich gives the wind reduction factarfrom the roughness
which cause unnatural fire propagation with the fire changingheightzg and the interpolation height as
direction at the location of the jumps of the gradient.

Int
5.2 Wind interpolation and wind reduction factors a= In% (25)

20

Wind is interpolated horizontally from the atmospheric mesh
to the fire mesh, and vertically to a given “midflame” height
z¢ above the terrairBaughman and Albinil980 by assum-
ing the ideal logarithmic wind profile

The wind reduction factors for the 13 fuel categories are
available inBaughman and Albin{198Q Table 3, p. 91).
Equation 25) then allows to find the interpolation heights
from the reduction factors as

cln, Z> 20,
~ 20 - _
" { 0 0<z<zo, @3) 4= (zreD“ (z0) . (26)
wherez is the height above the terrairg is the roughness |5 symmary, we suggest two options for the vertical inter-
height, and: is a proportionality constant. polation:

The vertical interpolation algorithm is as follows. For a
given horizontal location, denote ky, z», ... the heights of 1. Interpolate to the fire mesh and then to the heigtes

the atmospheric grid mid-levels and byzi),u(z2), ... the described at the beginning of this section, and do not re-
values of thex horizontal wind component at those heights. duce the wind by the adjustment factorThis option is
The heightsg;, are computed from the geopotentiglwhich preferable when < zref, because otherwise some in-
is a part of the solution in WRF. The horizontal wind com- formation is lost, and it may be used in any case.

ponentsu at z; are then found by horizontal interpolation
from the atmospheric mesh, and interpolated vertically to the 2. Interpolate vertically to the common heights, then

given heightzs by log-linear interpolation. That i (zf) is horizontally to the fire mesh, and use the wind reduction
determined by 1-D piecewise linear interpolation of the val- factorsa given at the points of the fire mesh, following
uesu (z0) =0, u(z1), u(z2),... atInzg, Inz1, Inzo, ... to Inzs; Eqg. @4). This option is much simpler and cheaper, but
if zt <zo, we setu(zf) =0. Thev component of the wind it may lose information on the actual wind profile under
is interpolated in the same way. The computation is orga- the heightzrer.

nized in such way that only the vertical levels that are actu-

a”y needed are evaluated above every fire mesh node. Both Options are mathematica"y equivalent when the verti-

Note that the vertical interpolation is exact if the wind pro- €al resolution is so coarse that> zref, as is usually the case
file obeys the logarithmic profile Eq2®) exactly. Thisis a  €xceptin microscale computations. Either option can be se-
desirable property in numerical analysis: for example, linearected when running the code.
interpolation can be defined by the fact that it is exact for all )
linear functions. 5.3 Time step

A commonly used value for the roughness heighipis-

0.13H, whereH is the height of the vegetation. The rough- " €ach time step of the atmospheric model, the fire mod-
ule is called from the third ste@2®) of the Runge-Kutta

ness heighto and the height; to interpolate to (the “mid- ° : - 2
flame” height) are properties of the fuel category, and they_method in WRF-ARW. First, the wind is interpolated follow-

are given by the user in input data. The roughness height id'9 Sect5.2for use in the spread rate fgrmula E@).(The
also known from land use in WRF, though that value may not/I'® Mmodel then makes its own time step:

be the same. S .

We also support the use of the wind reduction factors, fol- 1+ If there are any active ignitions, the level set function
lowing Baughman and Albin{1980. The wind reduction is updated and the ignition times of any newly ignited
(or adjustment) facton is used to determine the vertically nodes are set following Se&.6.

interpolated windu(zs) from wind measured at a reference
height zyes (20ft=6.096m in BEHAVE), by assuming the
ideal logarithmic wind profileZ3):

2. The numerical schemd@-12) for the level set Eq.9)
is advanced to the next time step.

u(zs) = au(rref). (24) 3. The time of ignition set for any any nodes that were

) ignited during the time step, from EdL).
From @23) with z = zf andz = zref, we have ¥

zf 4. The fuel fraction is updated following Se&J5.
u(zs) =cln—,
20

Zref 5. The sensible and latent heat flux densities are computed
u(zref) = c'”g’ from Egs. @) and 6) in each fire model cell.
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6. The resulting heat flux densities are averaged over the

fire cells that make up one atmosphere model cell, and M PI tlle
inserted into the atmospheric model, as described in the
next Sect5.4. patCh < LI )

The atmospheric model then completes the time step.

5.4 Inserting fire heat fluxes into the atmosphere halo region

The heat fluxes from the fire are inserted into the atmo-rig. 3. Parallel communication in WRF. The computational domain
spheric model as forcing terms in the differential equationsis divided into disjoint rectangular patches. Each patch is updated
of the atmospheric model into a layer above the surface, wittby a single MPI process (distributed memory parallelism), and the
assumed exponential decay with altitude. Such scheme igrocess may read arary data in a strip around the patch, called halo
needed because WRF does not support flux boundary condiegion. The communication between the patches is by halo calls to
tions. This is code originally due t6lark et al.(1996ab) the RSL parallel infrastructureMichalakes ZOOQ, yvhich update

and it was rewritten for WRF variables Patton and Coen the halo regions by the values from the neighboring patches. Each
(2004. The sensible heat flux is inserted as an additionalpatCh may be divided into tiles, which execute in separate OpenMP

¢ to th tion for th tential t i threads (shared memory parallelism). Following WRF coding con-
source term 1o . € equa lon for the potential lemperaiure o iong WRF Working Group 22007, computational kernels ex-
equal to the vertical divergence of the heat flux,

ecute in a single tile. They may read array values from a strip be-

d(116) L, y)dn(x,y) 9 z yond the tile boundary but no explicit communication is allowed.
R (x,y,2)=Re (®)+ Tooliy.o) 9z (—7> , 3-D arrays are divided into patches and tiles in the horizontal plane,
QLY ext cf., Fig. 1.

where Rg (®) is the component of the source term (com-

monly called “tendency” in the WRF code) in the at-

mospheric model Eqg.2Q), o is the specific heat of the Consequently, numerical code must execute in stages, al-
air, o(x,y,z) is the density, andzex is the heat ex- ternating between numerical computing and communicating
tinction depth, given as parametfire _ext grnd in values between the strips (F#), while going down the soft-

namelist.input . The latent heat flux is inserted simi- ware layers (Fig5) in each stage to resume the computation.
larly into the source term of the vapor concentraganby The fire module code executes in 6 stages interleaved with
communication, 3 stages for initialization and 3 stages in ev-
d(pgm) n(x,y)pq(x,y) 9 z . . L )
(x,y,2) =Rg, (@) + ————"—=—exp| —— ). ery time step. For small tiles, the communication dominates
di Lo(x,y,2) 0z Zext

the computational cost, which puts a practical limit on the
wherelL is the specific latent heat of the air. @lark etal.  number of processor cores that may be used for any given
(1996a Egs. 10, 12, 13, 18). problem.

Unfortunately, the parallel computing structure limits the
class of numerical methods that are feasible to implement. In
particular, high-order methods, which need to update values
at a node using values from distant nodes are no longer very

Parallel computing is essential for fast execution, yet it im- . . .
T ) : practical, both because of the complexity of programming
poses a significant constraint on user programming tech?

. Lo T and because of the sharply increased communication cost.
nique. At the danger of some simplification, one can say_, . : . .
; This explains our choice of numerical methods of the lowest

that WRF parallel infrastructuréMlichalakes 2000 essen- .

. - ; : . possible order.
tially divides the domain horizontally into rectangular re-
gions, callediles, and different tiles are assigned to differ-
ent processor cores, which execute in parallel. A numerical; patg input
code in WRF needs to kéde callable This means that the
code runs on a single tile, using values from strips aroundyWRF and SFIRE may be run in both “ideal” and “real”
the tile boundary in neighboring tiles, if necessary. The val-modes, which require slightly different setups. Ideal runs
ues in those strips may not be changed while the tile-callablgvere extended by adding fire-related capabilities, such as
code executes, and they are communicated by other codgading fuel, topography, and land use from simple text
only after the tile-callable code exists. The communication infiles. This allows to run simulations which go beyond what
fact happens in two different ways, called MPI and OpenMPwould normally be considered an ideal run and simplifies
(Fig. 3), corresponding to distributed memory scheme (es-custom data input; the simulation of the FireFlux experiment
sentially, separate computers connected by a network) angsect.9) was done in this way.
shared memory (multiple processor cores in a single com- A WRF real run is used for forecasting and analysis of
puter). natural events. In real runs, the problem is set up from

6 Parallel structure and limitations
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WRF WRF
Loop over fire ‘ ‘ Loop over fire
code stages code stages

Halo exchange (MPI)<:> Halo exchange (MPI)

SOMP PARALLEL DO SOMP PARALLELDO
Fire model | | Fire model Fire model | | Fire model
tile code tile code tile code tile code

Y ¢ Y ¢

SOMP END PARALLELDO ~ SOMP END PARALLELDO

Memory synchronized Memory synchronized
WRF WRF

Fig. 4. Parallel structure of the fire module in the WRF physics layer. The core code itself executes on a single tile, with all communication
done outside. Multiple passes through the fire module are needed in each time step.

WRF: Runge-Kuttastep 3

<

Driver: get grid variables, get

flags, interpolation calls, |:>
OpenMP loops, DM halos

W

Model: one time step, winds |:>
in, heat fluxes out

U

Core: Advance the level set
equation, ignition, compute
fuel fraction. Dimensionless.

Atmospheric physics: get
temperature and moisture
tendencies from heat fluxes

Fire physics: sensible and
latent heat fluxes from fuel
fraction, fire rate of spread

Utilities: interpolation, WRF stubs, debug 1/0,...

2

WREF: error messages, log messages, constants,...

Fig. 5. Software layers of SFIRE. All physics dependencies are in the dashed box. The utilities layer is called from all the other layers above.
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the WRF Preprocessing System (WPBjhg et al. 201Q 100 m, this domain should be actually resolved in the large
Chapter 3), which contains a number of utilities useful for eddy simulation (LES) mode, without the boundary layer pa-
preparing standard atmospheric and surface datasets for imameterizations. At this resolution, the model should be able
put into WRF. In a real run, a user must supply data for theto resolve the most energetic eddies responsible for mixing
initial and boundary conditions for the WRF simulation. within the boundary layer, so the boundary layer parame-
WPS has been extendeBegezley 2011) with the abil-  terization in this case is not needed. Second, since in the
ity to produce data defined on the refined surface meshesested mode, vertical levels are common for all domains, the
used by SFIRE (Sec8); however, it is not possible to dis- height of the first model level selected for the most outer (par-
tribute high resolution, global fields as is done in the stan-ent) domain, defines also the level of the first model layer
dard dataset. Instead, the user must download any necefor all inner (child) domains, even if their horizontal reso-
sary high resolution fields and convert them for each sim-lutions are an order of magnitude smaller. The fact that the
ulation. The WPS extensions include the ability to input vertical model resolution is the same for all domains signif-
data in GeoTIFF format, which is a standard file format for icantly limits the minimum height above the ground of the
high-resolution geoscientific data, such as aerial and satelfirst model level. This in turn is crucial for the fire model,
lite images. Seéttp://www.openwfm.org/wiki/Howto_run which uses the wind speed interpolated to 6.1 m or less above
WRF-Firewith_realdatafor details. the ground. Therefore, in the cases when the first model level
For a SFIRE simulation, it is only strictly necessary to must be relatively high above the ground it is recommended
download one additional dataset. This dataset contains tht® perform only one way nesting, which allows the use of
map of fuel categories on the simulation domain.. For simu-different vertical levels on different domains.
lations within the United States, this data can be obtained in
GeoTIFF format from the USGS http://www.landfire.goyv ~ 8.2 Large Eddy Simulation and surface properties
SFIRE uses an additional variable for high-resolution topog-
raphy, which is allowed to be different from the topography To enable the high-resolution simulation in Large Eddy Sim-
used used by the atmospheric code. This is useful becauddation (LES) mode, user should first disable the boundary
a high resolution WRF simulation generally requires the to-layer parameterizatiorb( _pbl _physics=0 ). The LES
pography to be highly smoothed in preprocessing for numermode requires the proper surface fluxes in order work prop-
ical stability. The fire code can benefit from a rougher topog-erly. We recommend the optiasfflx=1 , which makes
raphy for more accurate fire spread computations. WRF use a surface model to compute the surface fluxes.
For atmospheric data, it is best to use the highest resolutiofther options with constant heat fluxes and drag are not
dataset available to initialize a WRF simulation to capture asWell suited for fire simulations. Out of all surface exchange
much of the local conditions near the fire as possible. GenerParameterizations only the classic Monin-Obukhov theory
ally, publicly available atmospheric data is limited to around (sf -sfclay _physics=1 ) is recommended for the LES
10 km resolution. As a consequence, one should create se#ases. This option assures a proper computation of sur-
eral nested grids, each with a 3 to 1 refinement ratio, and dace transfer coefficients that are used together with the sur-
long spin-up prior to ignition in order to recreate local con- face properties (provided by the surface model) for com-
ditions. Preliminary results indicate that assimilation of dataPutation of the surface fluxes of the momentum, heat and

from weather stations or satellite radiances may be requirednoisture. The surface model itself computes properties of
for an accurate simulatioBeezley et a.2010). the surface, but does not compute the surface exchange co-

efficients, which are needed for computation of the surface
fluxes. Hence, in order to compute them, the surface proper-
8 WRF settings ties must be provided by a surface model, which is enabled
by choosing a non-zersf _surface _physics . The sub-
Since the coupled code initialization for the real cases doegrid scale parameterization used by the WRF in LES mode
not differ from the one for the regular WRF, all physical is defined by th&km.opt parameter, which should be set to
and dynamical options available in the regular WRF are alsc? (TKE closure), or 1 (Smagorinsky scheme).
available. Therefore, the same general rules apply to the con- In real cases, proper initialization for the selected land sur-

figuration as to the configuration of the regular WRF. face model is provided automatically, and all other compo-
nents. In ideal cases, users are responsible for the proper
8.1 Domains and nesting initialization and setting land use properties.

However, one should keep in mind that resolutions of the8.3 Mesh resolution and refinement ratios

finest domains in fire simulations are usually significantly

higher than in weather forecasting applications. This has twdrl he fire mesh needs to be about 10 times finer than the atmo-
consequences in terms of the proper WRF setup for SFIREspheric mesh to allow for gradual heat release into the atmo-
First, if the resolution of any of the inner domains is less thansphere, even if fuel and topography data may not be available
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Fig. 6. Simulation of the FireFlux experimentlements et a|2007) by WRF and SFIRE. Left: map of landuse category for the experimental

plot, with the ignition line and the observation towers marked. Right: simulated and measured temperature profiles at the location of the
observation towers. The simulated fire propagation takes 243s from tower MT to tower ST, while the measured time is 255s (4.7 %
difference). Due to the instrument failure that took place during the experiment about 20 s after the fire front passage, the recorded temperature
drop is unrealistically slow, and do not represent the actual cooling phase. Therefore, the discrepancies in the temperature drop at the shor
tower should not be treated as an indication of the model error. The turbulent kinetic energy and the wind profile at that tower were captured
well and they do not indicate specific problems associated with realistic rendering of the post fire coolingloehamski et al(2010.

at such fine resolution. The atmospheric mesh step should beomplex terrain may be justified. The topographical data are
about 60 m or less for proper feedback of the wind on the firegenerally available at higher resolutions than the fuel maps
line. Larger mesh step was reported to result in too large firgfor the US, it is 2 m), so in cases when the sub-grid variabil-
spread rates in interaction with the atmosphé&lauk et al, ity in the fuel composition is expected to be relatively small,
199643 p. 887); however, we did not observe this. and the topographical effects are expected to be important,
further increasing of the fuel model resolution beyond the
Because of the computational cost, the practical limit of 30 m limit may be desirable.
the atmospheric domain resolution for forecasting applica-
tions seems to be currently around 400 m. At that resolution
the simulation to wall clock time ratio may be kept around
6, that is, 24 h forecast may be completed within 4h. The
limiting factor is the short time step required for higher res-

From the point of view of the atmosphere-fire interac-
tion, a coarser horizontal and vertical atmospheric resolu-
tion means less intense feedback from fires of the burning
area smaller than the atmospheric grid cells, since the fire
) . ' heat flux computed on the fire mesh gets averaged over a
lutions. ing more pr r cor r a fix ) :

olutions. - Using more processor cores (Stfor a fixed bigger atmospheric cell. Smaller heat flux leads to weaker

problem eventually reaches the point of diminishing return, . =< : .
. fire-induced updraft, less intense surface convergence and fi-
because each core gets a smaller domain to work on and the

prall fiency decteass. One shouk Feepnmind o1 15861 WS s P e e Fort s b
even this relatively coarse atmospheric resolution (from the y

: . ) : of spread. However, since the Rothermel fire model was cal-
fire modeling point of view) already extends beyond the max-. X . .
. . . . ibrated, based on undisturbed wind speed measured upwind
imum resolution of the standard meteorological static surfac . .

rom the fireline at 6.1 m height, the local speed up at the

data, which is currently 1 km. At the atmospheric model '®Sfire line has been already captured by the model constants
olution of 400 m, the refinement ratio of 10 brings the fire . y cap by o '
Whether further adjustments to the fire parameterization are

model mesh size close to maximum resolution of the avail—needed depending on the resolution and fire-atmosphere re-
able fuel data, which is currently 30m. So, from the fuel . » depending ) P
finement ratio, is a question for future research.

data point of view, running real forecasting simulations at
higher than 30 m resolutions does not seem practical. How- For real simulations, where the errors in fuel description
ever, since the fire spread depends on the slope gradient thate much more severe, the resolution issue does not have to
is computed on the fire mesh, using finer fire model mesh irbe critical. However, in fine-resolution simulations focused
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Fig. 7. Simulation of the FireFlux experimen€lements et a).2007) by WRF and SFIRE. Left: surface heat flux and selected flowlines.
Visualization in VAPOR by Betich Sousetk. Surface image from Google Earth. Right: vertical velocity at 2m height at tower ST. (See
Fig. 6 left for location.) The simulation shows a good agreement with the experiment. kwohanski et al(2010.

on the atmosphere-fire coupling with well-known fuel con- 8.4 Time step
ditions, such as the FireFlux experiment (Figand7 ), re-
alistic rendering of the atmospheric response to the surfac# real SFIRE simulations performed in multi-domain con-
heating associated with fire is absolutely crucial. For thesdigurations the time step requirements for the outer domains
applications, the fire model should use the wind speed takefrun without fire) do not differ from general meteorological
from the level as close to the mid-flame height as possiblecases. The recommended time step of 6 times the horizontal
This requirement translates into a need for very high verti-grid spacing (in km) may be used as a starting point. How-
cal resolution. For realistic mode"ng of the fire of expected ever, for the finest domains run with fire simulations, the time
flame height of let us say 4 m, the first atmospheric modelstep in most cases must be significantly smaller. For domains
level should be at 2 m. Updrafts associated with fire plumegwith low vertical resolution and simple topography, the hor-
may easily reach a rising speed of 5m sso in order to keep ~ izontal mesh step is crucial for numerical stability, since the
the simulation numerically stable, the time step should not behorizontal velocity is greater than the vertical one. In fire
greater than 0.4 s. Assuming the horizontal wind speeds besimulations with hlgh vertical resolution, the vertical velocity
low 25 ms1, the vertical model resolution will be a limiting  induced by fire may violate the CFL condition. Therefore, it
factor in terms of the time step as long as the horizontal gridiS advisable to use a vertically stretched grid, with finer res-
spacing will be greater than 10m. This reasoning was apolution at the surface (where updraft velocities are not that
plied during the design of the FireFlux simulation, for which high) and lower resolution at higher levels where stronger
the horizontal resolution has been set to 10 m, as an optima#pdrafts are expected. This allows for having the first model
value providing high horizontal resolution yet not requiring level relatively close to the ground, yet with vertical spacing
further reduction in the time step. Detailed analysis of thealoft big enough to handle strong convective updrafts without
FireFlux experiment is in progress and will be published as aviolating the CFL condition.
separate case study elsewhere. In real cases, the pressure levels may be defined directly.
Since the fine-resolution simulations are mostly run in theln ideal SFIRE runs, there is now an option which turns on
LES mode as opposed to the coarser real cases that rely diyperbolic grid stretching. One should keep in mind that
boundary layer parameterization, the degree to which the vertunning the SFIRE simulations with high-resolution topog-
tical mixing is captured by the model directly depends on theraphy in most cases limits the maximum numerically stable
model resolution. From that point of view, the grid refine- time step. Steep terrain often induces high vertical velocities
ment for fine-resolution cases should be expected to bringhat may violate the CFL condition. Therefore, these cases
more benefits than for real cases utilizing boundary layer andisually require significantly smaller time steps than similar
cloud parameterizations, which were originally designed forsimulations run with low-resolution, smooth topography.
much coarser atmospheric meshes.
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9 Computational simulations 1.21 T T T T
9.1 Examples of output and computational results

Kim (201)) has verified that the level set method in the fire
module advects the fire shape correctly, on some of the sam
examples that were used to verify the tracer code in CAWFE
(Clark et al, 2004).

A number of successful simulations with SFIRE now ex- __
ist. Jenkins et al(2010 have demonstrated fireline finger- £
ing behavior for a sufficiently long fireline (Fig8.and 9) —
on an ideal example, with similar results asGtark et al.
(19964ab). Kochanski et al(2010 have demonstrated the va-
lidity of SFIRE on a simulation of th€lements et al(2007)
FireFlux grass fire experiment and obtained good agreemer  0.61
with data (Figs.6 and 7). Dobrinkova et al.(2011) simu-
lated a fire in Bulgarian mountains using real meteorological
and geographical data, and ideal fuel dafeezley et al.
(2010 simulated the 2010 Meadow Creek fire in Colorado
mountains using real data from online sources. Topography
(Fig. 10) at up to 3 m horizontal resolution was obtained from

the N.atlonal Elevation Dataset (NEIDIt-p.//neq.usgs.g()v tion 240 s after line ignition, initialized with uniform wind profile.
and fire fuel datasets from Landflret(p.//landflrg.cr.usgs. The fire develops two fingers due to wind direction inversion in the
gov) at up to 10 m resolution. Six nested domains were re-p.iqdie. Eromlenkins et al(2010).

quired to scale the simulation down from the atmospheric

initialization (32 km) to the fire grid resolution (10 m). Cloud

physics was enabled in domains 1-3. The fire mesh refine- ) ) _ _
ment ratio was 10times on the finest domain to capture firedeficiencies. During this experiment, the wind measurements

surface variables and for a gradual release of the heat flu/ere taken only upwind from the actual fire, and only at two
near the fireline. Realistic fire and atmosphere behavior wadVels. Therefore, they do not provide a full description of the

o
o
w

-0.10

Fig. 8. X-Y section of wind vector at 18 m and pressure perturba-

obtained (Figs11and12). vertical wind profile which may affect the fire rate of spread
through the atmosphere-fire couplingefikins et a).2010),
9.2 Validation plan and they lack the information about the actual wind at the fire

line. Since the coupled fire-atmosphere model computes the

Validation of a coupled atmosphere-fire model used for sim-fire rate of spread based on the local wind, it is absolutely
ulation of wild fires is very challenging. The biggest prob- crucial for its validation to know not only the fire spread rate
lem arises from the fact that the amount of measurement datBUt also the local wind speed.
that can be used for model validation is very limited. The Therefore, for the first model validation, we plan to use
laboratory-scale fire experiments performed in wind tunnelsthe data collected during the FireFlux experimediements
cannot be used directly as a benchmark for a model simulatet al, 2007). Preliminary resultsKochanski et al.2010
ing wildland fires, since in the laboratory-scale fires tend toshow that WRF coupled with SFIRE is capable of realistic
behave differently than in the open atmosph&es(; 1991, rendering of the rate of the fire spread, as well as tempera-
Mell et al, 2007). Therefore, for the validation of the cou- ture, upward velocities, and horizontal wind speed associated
pled model, we rather plan to use data collected during fieldwith a steady fire front passage (not affected directly by the
experiments, and start from relatively simple cases, wherédgnition). Some early results are included here (Fand
there are not as many conflicting influences. We also forese). Unfortunately, the lack of full infrared documentation of
that the validation process will uncover the need to add fur-the fire front evolution does not allow for an evaluation of the
ther parametrizations of certain fire behaviors which are notmodel in terms of a realistic representation of the fire front
currently captured. shape. We also consider using data collected during the Me-
The basic evaluation of the the model capability to sim- teotron experimentBenech 1976 to validate explicitly the
ulate realistically the fire front shape and its propagationsimulated plume dynamics. However, it seems that the Fire-
through a uniform fuel bed could be performed based on the-lux is more appropriate since it provides data collected dur-
data collected during the Australian Grass Fire Experimenting the passage of the real fire, while Meteotron experiment
However, we realize that the limitations of this data set wouldfocused on the dynamics of a stationary plume generated by
not allow for full investigation of the model capabilities and a set of burners.
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Fig. 9. X-Z section of wind vector and pressure perturbation at the centerline for the fire i8. FigomJenkins et al(2010.

Domain #6 (100 m resolution atmosphere/10 m fire) Heat Flux (W/m42)
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1950 2100 2250 2400 2550 2700 2850 3000 3150 Fig. 1_1.'I_'he finest domainin t_he Meadow Creek fire simulation 5 h
Elevation (m) after ignition. Unburned fuel is displayed as green, burned fuel as
brown. The heat flux from the fire appears near the fire line. Arrows

Fig. 10. Topography of the finest domain of the Meadow Creek fire indicate the surface winds, while streamlines show the atmospheric
simulation. FronBeezley et al(2010. winds flowing over the fire region. Visualization in MayaVi. From

Beezley et al(2010.

Another validation venue is the use of data from tar-
geted experiments, arranged with our collaborators. SuchHO Conclusions
experiments could be directed to answer specific questions
about fire behavior, which SFIRE is not able to model at theWe have described the atmosphere-fire model consisting of
moment, e.g., how does ignition from a small fire in grass be-WRF coupled with SFIRE. The software is publicly avail-
have before the fire reaches the full wind-driven spread rate@ble and it supports both ideal and real runs. Visualization
predicted by Rothermel’s formula. and diagnostic utilities are available. Currently, the model is
Finally, we plan to perform the overall evaluation of the suitable for research and education purposes. Validation is in
model in real fire cases. We are currently working on theprogress.
validation based on the observed fire perimeters during Har-
manli fire (Bulgaria), Meadow Creek Fire (Colorado), and 10.1 Additional features
Witch fire (California). Unfortunately, in most real fire cases,
no meteorological data directly at the fire are available, soSFIRE does not yet support canopy fire, although canopy
the only available information that may be used for modelfire colocated with ground fire is contained in CAWFE. The

evaluation is the final fire perimeter, and, in some cases, 4€ason was the desire to keep the code as simple as possi-
progression of recorded perimeters. ble early on and add features only as they can be verified

and validated. The support for canopy fire will be added in
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Fig. 12. The top level domain in the Meadow Creek fire simulation 5 h after ignition. Streamlines show the winds blowing East, over the
Rocky Mountains and South down the coast of California. Visualization in MayaVi. Beezley et al(2010.

future. Adding smoke from the fire to WRF is also under the active part of fire is not orders of magnitude larger than
consideration. There are two possible approaches to implethe boundary layer height as required, and it may be in fact
mentation of the smoke dispersion in WRF and SFIRE. Thesmaller. Another indication that the Monin-Obukhov theory
basic one would be to treat the smoke as a passive tracer adiay not apply for fires is a strong drop in the heat transfer in
vected by the wind, while the more advanced (taking intothe case of strong temperature gradients, shown in our early
account its chemical reactivity during its transport), would tests.

require a coupling between the SFIRE and WRF-Chem. A Horizontal wind could be interpolated vertically to differ-
list of desired features and a record of the progress of the deent heights for different fuels like in CAWFE model, which
velopment are maintained http://www.openwfm.org/wiki/  takes the wind from different mesh levels for different fuels.

OpenWFMdevelopmennotes However, here we follow a classical approactRaithermel
(1972 and Baughman and Albin{1980, where the wind
10.2 Atmosphere speed is evaluated at the common 6.1 m height, and then con-

verted to the mid-flame height using the fuel-specific wind
Rothermel’s spread model (Et). assumes wind as if the fire correction factors.
was not there. In practice, the wind was measured away from Very strong vertical components of the wind caused by the
the fire. In a coupled model, however, the feedback on thefire result in the need for short time steps to avoid violation of
fire is from the wind that is influenced by the fit€lark etal.  the vertical CFL condition (Sec8.4). It would be interest-
(2004 noted that the horizontal wind right above the fireline ing to couple the fire module also with the Non-hydrostatic
may even be zero, and proposed to take the wind from a speaviesoscale Model (NMM) core of WRF, which is implicit in
ified distance behind the fireline. Also, the strong heat fluxthe vertical directionJanijic et al.2005, and it may perform
from fire disturbs the logarithmic wind profile, and the rate better in the presence of strong convectiitt§d and Mo-
of spread as a function of wind at a specific altitude may nothanty, 200§. The ARW dynamical coreSkamarock et al.
be a good approximation; rather, the fire spread may depend00§, which we currently use, is semi-implicit in the vertical
more strongly on the complete wind profildepkins et a.  direction in the vertical wind component and the geopoten-
2010 and on turbulenceSun et al.2009. The assumption tial.
of horizontal homogeneity in the Monin-Obukhov similar-
ity theory is not satisfied here; the horizontal dimension of
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10.3 Fire 10.4 Numerical methods

The more recer®cott and Burga(lzooa fuel Categories are In a numerical implementation, the level set method is g|0ba|,
more detailed thaAnderson(1982 categories, they are sup- unlike tracers, which move locally. In spite of the fact that

ported by BehavePlus, and fuel maps using them are availthe level set equation determines the fire spread locally from
able from Landfire. But instead of describing additional cat- the spread rate at the fireline, the behavior of the fireline de-
egories imamelist.fire , it may be more useful to sup- Pends slightly on the wind, the fuel, and the level set function

port the import of fuel files from BehavePlus, which is also in certain other locations from previous time steps, because
well suited for editing and diagnosing fuel models. More ac- of the discretization errors and the artificial diffusion. This
curate fuel modelsAlbini et al., 1995 Clark et al, 19963, nonlocal behavior has not been practically significant, how-
including those in BehavePlus, consider fuels to be mixtures£Ver.
of components with different burn times, which results in a  The fuel fraction calculation1) can have significant er-
different heat release curve. ror in the fire mesh cells near the fireline, which will to some
While the spread rate of established fire in the simulationdegree average out over the atmospheric mesh cells. Rigor-
of the FireFlux experiment was reasonably close, the sim-0US error analysis will be done elsewhere. We are currently
ulated fire still arrived at the observation towers too soontesting an alternative method which is always first order in
(Kochanski et a].2010, because it started too quickly. A the sense that it is exact when the time from ignition and the
better parametrization of the ignition process seems to be ifevel set function are linear in space. The alternative method
order. The fire spread in the Meadow Creek fire simulationiS more computationally expensive, but, on the other hand, it
was also too fast, but for a different reason. It is well known Might allow to decrease the fire mesh refinement ratio; with
that the actual spread rates of wildland fires tend to be lowefarge meshes, itis possible to run against 32 bt integer limits.
than the spread rates in simulations, which are derived from L
laboratory experiments. This effect might be attributed to ir- 10.5 Data assimilation
regularities on scales not captured by the simulationr(ey, Data assimilation for wildland fires is an area of great in-
1998 p. 34), including granularity of the fuel supply not re- terest. Methodologies for a reaction-diffusion model were
flected in the data. Refining the semi-empirical model fromproposed based on the ensemble Kalman filter (EnKF) and
detailed numerical simulations and parametrizing complexthe particle filter landel et al.2004. Unfortunately, sta-
fire behavior are suggested important research areas. tistical perturbations can cause spurious fires, which do not
The computation of the heat fluxes in Eg4.4énd 6) does  dissipate. Combination of the EnKF with Tikhonov regular-
not take into account the evaporation of moisture present irization alleviates the problem somewhaolins and Mandgel
the fuel, only the production of water by burning of hydro- 2008 Mandel et al, 2009, but the resulting method is still
carbons. This error is typically just few %, however, which not robust enough. A new method, called morphing EnKF
is small in comparison with other uncertainties. As the fuel and based on combined amplitude and displacement correc-
moisture content can be significant in some ecosystems, ition (Beezley and MandeR008, was shown to work with
will be treated explicitly in a future version of the code. The WRF and SFIRENandel et al. 2009, and it is under con-
fuel models should be dynamic (with variable fuel moisture) tinued developmentMandel et al, 2010 2011). We are not
as in BehavePluCoen(2005 added an explicit diurnal cy- aware of any work elsewhere on data assimilation for a cou-
cle for the moisture into CAWFE. Here, moisture content pled fire-atmosphere model. Particle filters were proposed
could be coupled with existing WRF land surface models,for discrete cell-based fire modelBiénchini et al, 2006
which could take into account air humidity and precipitation. Gu et al, 2009, using fitness functions involving the area
The radiative and convective parts of the sensible heat fluwburned rather than intensities of physical variables.
should be treated differently. The release of surface heat and Starting the model from a known fire perimeter is impor-
moisture into the atmosphere are already present in WRF soliant for many potential users. This can be understood as a
models. Their scale, however, is different from the powerful data assimilation problem, but we are considering a simpler
heat release from a fire. method for this particular case: prescribe the fire history up
Spotting (secondary ignitions by wind-lofted firebrands) to the time of the given perimeter to allow the atmospheric
could be modeled as additional point igntions, created dy-conditions to evolve, then allow the coupled model take over.
namically. Deciding when and where the secondary igni-Tools to produce such artificial fire history are being devel-
tions occur, however, would require stochastic approachespped Kondratenko et al2011). Possibly the simplest alter-
possibly modeling the spotting location and frequency as anative is an interpolation of the ignition time between a given
random variable dependent on the fire location, distance, aninition point and the perimeter. A more complex version
the wind, similarly as ilfMandel et al(20043. would run the fire model (without atmosphere) backwards
in time and attempt to find the ignition point automatically.
The latter approach could be also interesting for forensic pur-
poses.
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