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Abstract. Coupled atmosphere—fire models can now gener-1 Introduction

ate forecasts in real time, owing to recent advances in com-

putational capabilities. WRF-SFIRE consists of the Weatheildland fire is a complicated multiscale process. The fire
Research and Forecasting (WRF) model coupled with thd>ehavior is affected by very small-scale thermal degrada-
fire-spread model SFIRE. This paper presents new develtion processes occurring well before the flames appear at the
opments, which were introduced as a response to the needgolecular scaleullivan and Ball 2012. Slightly larger-

of the community interested in operational testing of WRF—scale turbulent processes induce mixing of the combustible
SFIRE. These developments include a fuel-moisture modegiasses with the ambient air, and transport of heat, moisture,
and a fuel-moisture-data-assimilation system based on th@nd combustion products into the atmosphere, affecting the
Remote Automated Weather Stations (RAWS) observationsfire as well. SeeSullivan (2009k c, d) for a survey and a
allowing for fire simulations across landscapes and timediscussion of the complexity of the problem.

scales of varying fuel-moisture conditions. The paper also In a case of a wildland fire, all of these processes, no mat-
describes the implementation of a coupling with the at-ter how small-scale, are affected to some degree by larger
mospheric Chemistry and aerosol schemes in WRF_Chen‘ﬁcwe weather conditions. The energy from the Iarge scales
which allows for a simulation of smoke dispersion and ef- drives a cascade of gradually smaller and smaller eddies that
fects of fires on air quality. There is also a data-assimilationgenerate local winds, driving wildland fire propagation. Ac-
method, which provides the capability of starting the fire sim- cording to the Kolmogorov hypothesis, the energy content of
ulations from an observed fire perime[er, instead of an ig_the eddies that are responsible for small-scale mixing is con-
nition point. Finally, an example of operational deployment trolled by larger-scale eddies, as the energy propagates from

in Israel, utilizing some of the new visualization and data- larger to smaller scales. Consequently, any mixing-limited
management tools, is presented. chemical reaction in the atmosphere is ultimately affected

by large-scale processes providing energy for turbulent mix-
ing. Although chemical-reaction rate is affected by concen-
trations of reacting species, in the case of gas-phase oxida-
tion, these concentrations are generally affected (or limited)
by local mixing.
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Large-scale weather patterns induce changes in tempera- 008 Fuel model 3: Tall grass (2.5 ft)

ture and humidity, which affect fuel moisture, thus affecting
the fire behavior as well. Fire behavior is highly sensitive to
fuel-moisture content (FMC), which affects the burning pro-
cess in at least three wayN€lson Jr. 2000): it delays igni-

tion, decreases fuel consumption and increases particle resi-
dence time. By increasing fuel-moisture content, the spread
rate decreases, and, eventually, at the extinction-moisture
level, the fire does not propagate at #ly(e et al. 1996.

In Rothermel’s spread-rate model, for example, fire-spread
rate depends on the fuel-moisture ratio through an empirical
moisture damping coefficienRpthermel 1972 Fig. 7) (see

rate of spread (m/s)

Fig.1).

The fuel-moisture content depends on fuel properties and
on atmospheric conditions. The fuel-moisture content of 005005 01 015 02 025 03 035 04
live fuels exhibits predominantly a seasonal variation driven ground fuel moisture content (1)

by physmloglcal regulatory proqe;ses. In contrast, thg fuel'Figure 1. lllustration of the dependence of rate of spread on fuel-
moisture content of dead fuels is mﬂu_en?ed by alvar'ew C,)fmoisture content in Rothermel's model. The rate of spread for
weather phenomena, such as precipitation, relative humidanderson(1982 fuel model 3 with zero wind and slope is shown.
ity, temperature, wind conditions, dew formation, and even
solar radiation. For a recent review on modeling processes
affecting fuel moisture in dead fuels, s&&atthews et al.
(2010. Diurnal variations in the dead fuel moisture, often inducing very strong surface winds, which, in turn, affect
disregarded in simulations of short fires, become importanthe fire. The fire-induced updrafts may also generate pyro-
in the case of prolonged fires. These fires stay active over pecumulus and fire storms. Therefore, a large fire may sig-
riods of days or even weeks, over which fuel-moisture con-nificantly affect the local atmospheric conditions, creating
ditions can significantly change. Even though one can imag-“its own weather.” The fire-induced convection may lead to
ine particular meteorological conditions with negligible daily formation of a pyro-cumulus cloud and conflagration strong
fluctuations in the temperature, relative humidity and, con-enough to generate its own wind system (a firestorm). See
sequently, also the fuel moisture, nevertheless, diurnal variaFromm et al(2006 andRosenfeld et al2007) for an exam-
tions in fuel-moisture content affect fire activity. For that rea- ple of a pyro-convective system generating tornadic winds.
son, simulations of multi-day wildland fires, such as those The atmosphere also interacts with the fuel-moisture prop-
presented in this study, require estimates (or forecasts) oérties. Periods of warm and hot weather decrease fuel mois-
moisture-content changes during the fire event. ture, increasing the fire hazard, and making fires more in-
Synoptic flows are affected by topography and land-usetense. Conversely, local precipitations or nocturnal moisture
characteristics. If a fully physical representation of the wild- recovery tend to decease fuel combustibility and inhibit fire
land fire propagation was chosen, a wide range of scalespread. Coupling a weather model with a fire-spread model
would have to be modeled, from 1®m combustion pro- and a time-lag fuel-moisture model captures these interac-
cesses to T0m plume Sullivan, 20093 and planetary-scale tions, without explicitly resolving the small-scale combus-
(10" m) weather systems. Although treating a subset of thetion and water adsorption processes, in a computationally in-
scales by direct numerical simulation is technically feasi-expensive way.
ble to some degree for very small fires — elgnn and WRF-SFIRE WMandel et al. 2009 2011) combines
Cunningham(2005; Mell et al. (2007 —, the massive com- the Weather Research and Forecasting model (WRF)
putational costs of such simulations and amounts of time re{Skamarock et gl2008, with the fire-spread model (SFIRE)
quired make them prohibitive from an operational point of implemented by the level-set metho®gher and Fedkiw
view. Fortunately, coupling of a mesoscale weather modeP003. WRF-SFIRE is a two-way coupled fire—atmosphere
with a 2-D fire-spread model captures a practically impor-model, so the heat fluxes from the fire component pro-
tant range of wildland fire behavioC{ark et al, 19963 b). vide forcing to the atmosphere, which influences winds,
Combustion and the heat transfer from the fire to unburnedvhich in turn modify the fire spread. Similar models include
fuel are parameterized in the spread-rate calculation, and th®lesoNH-ForeFireKilippi et al,, 2011). Recently, the model
wind speed affects the rate of fire spread; eRpthermel  was coupled with a fuel-moisture model, and chemical trans-
(1972, Albini (1981, 1982 andBeer(1991). Conversely, the  port of emissions (Fig2). The model is able to run faster
fire influences the weather through the heat and vapor fluxethan real time on several hundred cores, with the fire-model
from burning carbohydrates and evaporation. The buoyancyesolution of a few meters and horizontal atmospheric reso-
created by the heat from the fire can cause intense updraftéytion on the order of 100m for a large real firdo(danov
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Atmosphere model WRF 2 Mapping the severity of a potential fire

= Chemical transport

e, == model WRF-Chem WRF-SFIRE users wanted to know “how bad would a fire

relative Heat and Fire be” for any particular location, and “how hard would it be
pumiity; vopor emissions to suppress?” Such assessments help the authorities with

Wind e fomoe) declaring fire bans and with the allocation of firefighting and
) SEIRE fire-prevention resources. Therefore, variables characteriz-
L ing a potential fire are of interest and they can be used to

1 | plot potential fire severity maps. This is a concept similar to

Surface fire spread model FLAMMAP, which computes various potential fire charac-

teristics Finney, 2006. A more comprehensive approach to

Figure 2. The overall scheme of WRF-SFIRE. fire risk would need to also involve the probability of fire in

any given location, similar to in, e.g., the Wildland Fire De-
cision Support System (WFDS8ttp://wfdss.usgs.gQy or
et al, 2012. It can also be run operationally on as little as Carmel et al(2009.
24 cores, Capturing the basics of wildfire Spread on a grld of One quantity requested was the rate of Spread, which is al-
40 m, nested within a 400 m cloud-resolving grid. ready produced by SFIRE, but only at the fire line, because
WRF-SFIRE has evolved from the Coupled Atmosphere-the fire-spread rate depends on the direction of fire propa-
Wildland Fire Environment (CAWFE)Qlark et al, 199632  gation. Therefore, a diagnostic variable was added, equal to
b, 2004 Coen 20039, which consists of the Clark—Hall the maximal rate of spread in any direction for the modeled
atmospheric model, coupled with fire spread implementedyind speed and the land-elevation slope. The maximal rate
by tracers. The SFIRE code currently supports the semiof spread in any direction is also used to compute the re-
empirical fire-spread model d?othermel(1972, inherited  action intensity, i.e., the released heat-flux intensity immedi-
from the CAWFE code. Implementation of alternative fire- ately upon ignition, and the fire-line intensitgyram, 1959,
spread models — e.g3albi et al.(2009; Fendell and Wolff  at all grid nodes of the fire model, thus providing a spatial

(2009 —is in progress. The current code and documentationepresentation of the potential-fire characteristics.
are available fromDpenWFM.org A version from 2010 is

distributed with the WRF release as WRF-Fi@oén et al.

2013 OpenWFM 2012. _ 3 Initialization from a fire perimeter
Validation studies of WRF-SFIRE are now available for
a large-scale wildfire Kochanski et al. 2013h, as well A typical fire model starts a fire simulation from a known

as for a microscale simulation of a grass-burn experimentgnition point at a known ignition time. However, users are
(Kochanski et al. 20139, fuel-moisture data assimilation 3|sq interested in starting WRF-SFIRE from an existing fire,
(Vejmelka et al. 20143, and coupling with WRF-Chem \ynose presence has just been detected and mapped. Under
(Kochanski et al.2014). The coupling of the fire-heat re- these circumstances, the ignition point and ignition time typ-
lease with the atmosphere enables a detailed study of thgajly become known too late to be relevant for real-time sim-

effect of wind shear on fire propagatiodchanski et al.  yjation and forecasting. Thus, we are interested in starting a
20133. Examples of work from other groups using WRF— fire simulation from a given fire perimeter at a given time
SFIRE includeSimpson et al(2013 andPeace et al201]).  (hereafter referred to as the “perimeter time”). However, the

For the first time, this paper describes new developmentsye| palance and the state of the atmosphere depend on the
in the SFIRE software system during the 2 years since th*history of the fire, which is not known.
last reference paper tyandel et al(2011), and new results Our solution is to create an approximate artificial history
demonstrate the relevance of each. Potential fire-severitypf the fire based on the given fire perimeter and the perime-
assessment tools are described in S&dgnition in the cou-  ter time, the fuel map, and the state of the atmosphere during
pled atmosphere—fire model from a developed fire perimetefne period before the perimeter time. The history is encoded
in Sect.3, fuel-moisture model in Secd, and assimilation a5 the fire arrival time at the nodes of the fire-model mesh.
of RAWS fuel-moisture data in Secs. New software de-  \ne then use the artificial-fire arrival time instead of the fire-
velopments include direct input of data in GeoTIFF format spread model to burn the fuel and generate the heat release to
(Sect.6), coupling with smoke transport and atmospheric the atmosphere. Replaying the artificial-fire history enables
chemistry by WRF-Chem (Seci), and an operational de- gradual fuel burn, instead of igniting the whole inside of the
ployment (Sect8). We do not describe the basic principles, fire perimeter at once, and thus allows the fire-induced at-
operation, or history of the core of WRF-SFIRE here, and re-ymogpheric circulation to develop. At the perimeter time, the
fer toMandel et al(2011) and the User's GuidedpenWFM  complete coupled atmosphere—fire model takes over.
2013 instead. In Kondratenko et al(2011), the fire arrival times inside

a given perimeter were approximated based on the distance
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Figure 3. (a) Propagation of ignition time to a node from neighboring nodes already on fipd.Backtracking (propagation back in time)
of ignition time to anode from neighboring nodes where the fire arrived later.
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Figure 4. (a) Perimeter of the 2007 Santa Ana fires simulation 22 October 2007, 13:00R&zhgnski et al.2013h. (b) Artificial-fire

arrival time found by fire propagation back in time from the fire perimetéa)nThe fire consisted of two fires, Witch and Guejito, which

started on 21 October 2007, 12:15PDT and 22 October 2007, 13:00 PDT, respectively, and subsequently merged. The two peaks on the
bottom, marked by arrows, are the two ignition locations and times, found automatically from the perimeter. The vertical axis and the false
color are the time from the beginning of the simulation.

from a known ignition point to the perimeter, while use of the Witch fire, and then later the Guejito fire, which merged
the re-initialization equation was proposedMiandel et al.  quickly into one massive fire. The perimeter from the sim-
(2012. Our current approach consists of reversing the direc-ulation on 22 October 2007, 13:00 PDT, is in Fig, and
tion of time in a fire-spread method, thus shrinking the fire the artificial-fire arrival time created is shown in Filp. The
to one or more ignition points. For this purpose, we have de-artificial-fire arrival time graph has two minima, which cor-
veloped a new fire-spread method, which is suitable for timerespond to the two ignition points and times. For the Witch
reversal. The method determines the ignition time at a noddire, the error in the ignition point location was 3.28 km,
as the earliest time the fire can get to that node from the nodewhich is 5.7 % of the diameter of the given fire perimeter,
that are already burning (Fi@a). Such methods are known and the ignition time was exactly the same. For the Gue-
as minimal travel or minimal fire arrival timé&{nney, 2002. jito fire, the error in the location of the ignition point was
A list of nodes on the boundary of the already burning re-0.04 km, which is 0.07 % of the diameter of the perimeter,
gion is maintained similarly as in the fast-marching methodand the error in the ignition time was 0.26 h, which is 2.4 %
(Sethian 1999. However, the fast-marching method cannot of the time from the ignition to the perimeter time. The root
be used, because the fire travel time from one node to the nexhean square error (RMSE) of the artificial-fire arrival time
changes dynamically, since it depends on the current windip to the perimeter time compared to the original simulation
speed driving the rate of spread in the simulation. To buildwas 1199s. Scaling by the time 24h 15181 100s from
the artificial fire history, we reverse the direction of the time, the first ignition, 21 October 2007, 12:15PDT, to the fire
replace the minimum in the method by maximum (F3h), perimeter time 22 October 2007, 13:00 PM, gives the relative
and proceed from the perimeter to the inside of the domain. RMSE of the artificial-fire arrival time only 1.5 %. FiguBe
Simulation results have shown that the fire can continueshows a comparison of the wind from the original simula-
in a natural way from the perimeter ignition, for an ideal ex- tion and from the spin-up using the artificial-fire arrival time.
ample Kondratenko et al2011). In this paper, we illustrate  We have then continued the simulation for additional 8 h to
perimeter ignition on the simulation of the 2007 Santa Anaassess the effect of the perimeter ignition on further prop-
fires from Kochanski et al(2013h. These were two fires, agation of the fire (Fig6). Again, the original simulation,

Nat. Hazards Earth Syst. Sci., 14, 2822845 2014 www.nat-hazards-earth-syst-sci.net/14/2829/2014/
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Wind in the original simulation Wind from artificial fire arrival time
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Figure 5. (a)Horizontal wind at 6.1 m in the 2007 Santa Ana fires simulation on October 2007, 13:0@)Dhe same wind as ia), but

with the artificial ignition time history from Figdb until October 2007, 13:00 PDT. The simulation with an artificial fire history, i.e., spin-up,
does not use any fire-behavior data from an earlier time, yet the wind fields in each developed quitg(c)adedydifference ofa) and(b).

The root mean square error (RMSE) is 1.Ithswhich is 8.8 % of the maximal wind speed 12.53Ths

Fire perimeter of the 2007 Santa Ana fires simulation ab 04:00:00 2007-10-23,
Fire perimeter inthe 2007 Santa Ana fires simulation at 04.00:00 2007-10-23 with the: artificial ignition time history
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Figure 6. (a) Fire perimeter in the 2007 Santa Ana fires simulation on 22 October 22, 2007, 21:0Qd?Dhe same perimeter as {a),

but with the artificial-ignition time history from simulation data (Fih) on 22 October 2007, 13:00 PDT. The simulation with artificial fire
history, i.e., spin-up, does not use any fire-behavior data prior to that, yet the differences in the simulation 8 h later are only minor — compare,
e.g., the protuberation at the northeast part of the perimeter.
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and the simulation started from the perimeter ignition, are
quite close, demonstrating the utility of the present approachEW = 0.618H %77+ 0.000454°

to simulating the progression of already developed fires de- 4 0.1821.1+ 27315—T) (1 — e*0~115H> ,

tected as perimeters, rather than ignition points. The RMSE

of the fire arrival time after continuing from the artificial-fire when starting fromn < Ey,. The evolution of the fuel mois-
arrival time for 8 h was 706 s; that is, 2.5 %. This is the error ture in time is thus modeled by the time-lag differential equa-
of the perimeter ignition, which was entirely caused by thetion with characteristic lag timg :

slight change in the wind at the perimeter time due to the use

Eq— .
of the artificial-fire arrival time inside the given perimeter. dm dem if m> Eqg
Ew—m :
4  Fuel-moisture model t— ifm<Ey

The model is run for, =1, 10, and 100 h time-lag fu-

Wildfire f_uel responds t_o atmospherlc cond|t|ons_through theels, given by the fuel diameted DA Forest Service2014).
evaporation or absorbtion of moisture from the air, as well aSCurrentIy, the fuel-moisture equilibrium values for wood are

absorbing moisture when it rains. The following simple ap- 5, jieq 1o all fuel-moisture classes. The model does not ap-
proach Kochanski et al.2012 Mandel et al, 2012 models ply to live fuel, which has its own dynamics, on a much

the evplqun O.f fuel—mqlsture response by a first-order dif- longer timescale than a fire-behavior simulation. Therefore,
ferential equation, running at each node of the surface mes jie fyel-moisture map is entered as a separate fuel class

mdepende_ntly. ) ) ) with a very large time lag, and it does not change during the
The basic form of the time-lag equation for the moisture simulation

contentn approaching an equilibriurd with a time lagy_ is

During rain, the equilibrium moisturg is taken to be the
d_m _E-m (1) saturation moisture contenfs and the time lag. depends
d = 1 on the rain intensity. A rain-wetting lag time is reached

In the case in which the coefficiensands_are constantin o heavy rain only asymptotically, when the rain intensity
time, the solution of Eq.1) is (mmh™) is large:

m() = E+(m(0) — E)e™/™. () Gn_S-m (1_exp(—” "0)), it r > ro, (@)
Thus, the difference of the moisture contenand the equi- a r s

librium E decreases to+ e 1~ 0.63 of its initial value over ~ where rg is the threshold rain intensity, below which no
the timer_ . This is the same definition as used in FARSITE perceptible wetting occurs, and is the saturation rain in-
online help FireModels.org2008, and is compatible with ~ tensity. At the saturation rain intensity,-11/e~ 0.63 of

the time lag, as used by, e.g., the Wildland Fire Assessmerihe maximal rain-wetting rate is achieved. We have cali-
System (WFAS), which is “loosely defined as the time it brated the coefficients to achieve similar behavior to the
takes a fuel particle to reach two-thirds of its way to equi- rain-wetting model in the Canadian fire-danger rating system
librium with its local environment” SDA Forest Service  (Van Wagner and Picketi985, which estimates the fuel
2014. moisture as a function of the initial moisture contents and

Essentially, the simple time-lag model (E2).considers a  rain accumulation over 24 h. For 10 h fuel, we have obtained
fuel particle as a single reservoir with the rate of exchangethe coefficientsS =250 %, =14h, ro=0.05mmh* and
of water with the environment proportional to the differ- rs=8mm L, cf. Fig.7. This is the default used in the code.
ence from the equilibrium. It is less sophisticated, but muchCoefficients for specific regions will be, in general, different,
cheaper to run and more data assimilation friendly than theand they can be specified by the user as a part of the coded
Nelson Jr(2000 model, now used in the National Fire Dan- fuel description in WRF-SFIRE. S&&jmelka et al(20143
ger Rating System (NFDRS), which simulates the dynamicgor coefficients obtained by fitting 2 years of data from mea-
of the water transport in a round wooden stick and the wateisurements in Colorado, and a discussion of the modeling
exchange through the stick surface. errors.

Following the approach fronvan Wagner and Pickett The model maintains the fuel-moisture contenjsat the
(1985 Egs. 4 and 5), over a long time in constant temper-center of each atmospheric grid cell on the surface for several
atureT (K) and relative humidityH (%), the water content fuel classeg, such as 1, 10, 100, and 1000 h fuel. The actual
m in dead wood will approach the drying equilibrium: fuel is a mixture of the fuel classes, witl, denoting the pro-

portion of fuel of clas in the total fuel load, so that the fuel
Eq = 0924179+ 00004991 moisture of fine fuels like grass is purely driven by the 1 h

+0.18(21.1+27315—T) (1 — 6—0-115H) , fuel moisture, while the fuel moisture of coarser woody fuels
. _ o is also affected by slower responding 10 and 100 h fuel mois-
when starting fronm > Eq, and the wetting equilibrium: ture. The last fuel class is live fuel, whose moisture content is

Nat. Hazards Earth Syst. Sci., 14, 2829845 2014 www.nat-hazards-earth-syst-sci.net/14/2829/2014/
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Fine fuel ODE model timelag= 14 saturation rain=58
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Figure 7. Response of fine fuels to rain over 244) following Van Wagner and Picke{l985 (b) from the time-lag model (E¢}) by a
calibration of coefficients.

given as input data, and it does not change during the simula- For short time stepsiz/# <& =0.01, the exponential in
tion. Because the atmospheric mesh is relatively coarse, rurkq. (6) is replaced by the Taylor expansion-~* ~ x to
ning the moisture model is not computationally intensive. Weavoid a large relative rounding error caused by subtracting
also avoid any difficulties with non-homogeneous fuel distri- two almost equal quantities. The resulting method is exact
bution, because the model is independent of the fuel mapfor arbitrarily largeAr, when the coefficients are constant in
Instead, the proportions; >0 are obtained from the fuel- time, and itis of second-order accuracy for smoothly varying
category description, e.gAlbini (1976 Table 7, p. 98) or coefficients, ag\t — 0.
Anderson(1982, with the scaling, so thazj,’{\’=l wy =1.The The fuel-moisture model has been tested during the sim-
fuel-moisture contents in each cell on the (finer) fire meshulation of the Barker Canyon Complex fire, which started
are then obtained by interpolating the moisture content on 8 September 2012, around 20:00 PDT, 10 miles NW
to the finer grid for each fuel clags and then computing the from the Grand Coulee Dam in Washington. The 108 h long
weighted averagg,f’:1 wy my With the proportions given by  simulations were performed using a set of five nested do-
the category of fuel in that cell. mains of gradually increasing resolutions: 36 km, 12 km,

Because the model needs to support an arbitrarily longd km, 1.33 km, and 444 m, with time steps 162, 54, 18, 6, and
time step, we have chosen an adaptive exponential methods, respectively (Fig8a). The Mellor—Yamada—Janjic PBL
to integrate the fuel-moisture equations at every grid nodeschemeJanji, 2001) and the Kain—Fritsch cumulus scheme
On the time interval 4, t,11], we first approximate the (Kain and Fritsch1990 were used on the three coarsest do-
equilibria Eq and Ey, by constants, derived by averaging mains. In order to fully utilize LANDFIRE fuel data and el-
the atmospheric state variables ratand 1,11, i.e., from evation data provided at 30 m resolution, the innermost fire
Thy1/2= (T (ty) + T (tn41))/2 for the temperaturd’, and domain had a further-refined fire mesh of 22.2m (1:20 re-
similarly for the relative humidityH. The rain intensity is  finement ratio). The atmospheric component of the model
determined from the difference in the accumulated rain at thavas initialized and forced at the boundaries by the North
timest, andr,+1. The solution (Eq2) of the resulting con-  American Regional Reanalysis (NARR), providing meteoro-
stant coefficient equation over the interval ,, 1] becomes  logical data at 3 h intervals.

There were no ground-fuel-moisture observations avail-

m(t) = m (ty) + (En+1/2 — m (tn)) (1—e‘("’")/’L>, (5)  able within the fire domain, so the 1h fuel moisture was
initialized with its equilibrium value, while the initial 10,

whereE, 1> is the appropriate equilibriungyq, Ey, or S, 100, and 1000 h fuel moistures were approximated using data

depending on the value of(z,) and if it rains. The time step  from the National Fuel-Moisture Database (4.0, 8.0, 7.0 %,

is performed by evaluating (E§) ats =1,1, giving respectively). The southern branch of the fire was started
from the ignition point reported by the Incident Informa-

m (tag1) =m (tn) + (Ens12 — m (1)) (L— e~ 21 tion System [ittp://inciweb.nwcg.gok The northern branch

Al =ty41 — 1. (6) was ignited using locations of four lightning strikes observed

www.nat-hazards-earth-syst-sci.net/14/2829/2014/ Nat. Hazards Earth Syst. Sci., 14, 28845 2014


http://inciweb.nwcg.gov

2836 J. Mandel et al.: Recent advances and applications of WRF-SFIRE

(a) (b)

Figure 8. (a) WRF-SFIRE multidomain setup used for the simulation of the 2012 Barker Complex fire (B)AJomparison between the

fire perimeters simulated with the constant fuel moisture of 11.6 % (red contour), 6.38 % (white contour), and with the variable fuel moisture
simulated by the fuel-moisture model (blue contour). The remotely sensed fire perimeter detected on 13 September 2012 00:44 LT is shown
as the green contour. The green tree icons show locations of the Douglas Ingram Ridge (DIFW1) and Cascade Smoke Jumper (NCSW1)
stations, reporting 10 h fuel moisture.
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Figure 9. Comparison between the 10 h fuel-moisture observations from the Cascade Smoke Jumper (NCSW1), and the Douglas Ingram
Ridge (DIFW1) stations, and simulations from WRF domain 4 with the optimized fuel-moisture parameters se te, =1 mm b1,
ro=0.05mm 1, 7y =5 h, and the equilibriunk adjusted byA E = —0.055.

within the fire perimeter on the ignition day. The approximate In order to assess the impact of the fuel-moisture model
locations of the fire-ignition points are presented in Big. on the modeled fire spread, we performed three fire simula-
For the purpose of a basic validation, the fuel-moisturetions. The first one used the fuel-moisture model, and com-
model has been calibrated and tested against data from theuted the fuel-moisture changes in all fuel classes based on
Cascade Smoke Jumper and Douglas Ingram Ridge statiortee local meteorological conditions simulated by the atmo-
located west of the fire domain (Figb). Despite the initial ~ spheric component of the system. The other two simulations
biases due to the errors in the WRF-forecasted precipitationvere performed with temporally and spatially constant fuel
at the beginning of the simulation, later into the simulation, moisture. In the first of the other two simulations, the fuel
the WRF-SFIRE-simulated 10 h fuel moisture closely fol- moisture was set to the 4-day average of fuel moisture, simu-
lows the observed diurnal fuel-moisture fluctuations (B)g. lated using the fuel-moisture model (11.6 %). In the second,
Note that the time series presented in Fgshows results  the fuel moisture was set to the initial value at the very be-
computed based on 1.33km resolution meteorological vari-ginning of the simulation (6.38 %). The time series of the fire
ables from domain 4 after adjustment of fuel-moisture pa-area, simulated with the fuel-moisture model and without it
rameters, while the fuel moisture used for the fire-spread simusing the averaged constant fuel moisture, are presented in
ulation (Fig.10) was computed based on the 444 m resolutionFig. 10. The fire spread clearly responds to the changes in the
meteorological fields from domain 5 data with default fuel- fuel moisture. The nighttime peaks in the fuel moisture are
moisture parameters. associated with simulated fire stagnation, while the daytime
fuel drying promotes comparatively rapid fire spread. The
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Figure 10. Time series of the WRF-SFIRE simulated fire area (solid lines), and the fuel moisture (dashed lines). The grey point shows the
fire area observed on 13 September 2012, 00:44 LT. The error bar shown is estimated from the spread of different reported perimeters. The
sunrise in the simulation domain was about 06:30 LT, and the sunset about 19:20 LT. Note that the total fuel moisture contains contributions
from all fuel classes as well, not only the fine fuels moisture, resulting in a larger time lag of the total fuel moisture after dawn and dusk.

simulation with the fuel-moisture model not only simulates moistures (white and red contours) do not compare well with
the diurnal variations in the fire activity, but also improves the observations (green contour). The implementation of the
the total simulated fire area. It is hard to expect the actual firdime- and spatially-varying fuel moisture significantly im-
to exhibit perfectly identical activity patterns each day, andproved the simulated fire perimeters of both the northern and
the simulated active fire-spread periods actually varied acrosthe southern branches of the Barker Canyon Complex fire
the simulation. During all 4 days, the fire exhibited marginal (see the blue contours in Figb).
activity during nighttime hours from midnight to 06:00 LT.
However, the fire became active between 10:00LT (day 2)
and 13:00LT (day 3), and ended its progression as early ag assimilation of RAWS fuel-moisture data
08:30LT (day 4) and as late as midnight (day 3). The sunset
at the center of the domain was around 19:22 LT, so the simTo improve the quality of fuel-moisture simulation, we have
ulated fire remained active between 1 and 4.5 h after Sunseaevek)ped an approach to assimilate fuel-moisture measure-
Also, note that Fig9 only shows the 10 h fuel-moisture com- ments from station measurements. The Remote Automatic
ponent for the locations of the observational stations, whileweather Stations (RAWS) in the US also include measure-
Fig. 10 shows the total integrated fuel moisture, which is a ments of fuel moisture. They measure the in situ weight of
composite of the 1, 10, 100 h, and live fuel moisture, aver-a sample of 10h fuel, and the resulting fuel-moisture data
aged across the whole fire domain. are exported tdttp://mesowest.utah.edwntinuously. The
The simulation with the constant fuel moisture set to RAWS data are available hour|y' but 0n|y at a small num-
11.6 % underestimated, in contrast, the fire area by a factoper of locations, which generally do not coincide with grid
of 3. On the other hand, the simulation performed with thenodes of our simulation grids. Hence, the regression tech-
constant fuel moisture initialized with a value corresponding nique, described later in this section, needs to interpolate the
to the initial value in the run with moisture model (6.38 %), covariates from the simulation grid to the RAWS locations.
overestimated the fire area by afactor of 2. ThUS, the run with Even though 0n|y 10 h fuel moisture is measured7 fuel
the fuel-moisture model was a large improvement comparegnoisture is simulated independently in three classes: 1,
to the simulations with constant fuel moisture, and also suc-10, and 100 h. The results are combined for each fuel type
cessfully captured diurnal variations in the fire activity not according to relative mass contributions derived fralbini
present in the run with forecast fuel moisture. (1976. Each fuel class responds to the atmospheric condi-
A comparison between the spatial patterns of the Barketijons at a different time scale. The data assimilation modifies
Canyon Complex fire simulated with and without the fuel the equilibria in all fuel classes by a common additive correc-
model, as well as the fire perimeter detected on 13 Septemjon. Consequently, changes made by the data assimilation to
ber 2012, 00:44 PDT (108 h after ignition), are presented inthe 10h fuel-moisture equilibrium are transferred to 1 and
Flg 8b. The fire extent simulated USing the constant fuelj_OOh fuel equi"bria as We”, even though approaching the

www.nat-hazards-earth-syst-sci.net/14/2829/2014/ Nat. Hazards Earth Syst. Sci., 14, 28845 2014


http://mesowest.utah.edu

2838 J. Mandel et al.: Recent advances and applications of WRF-SFIRE

equilibria is still determined by the respective 1 and 100h We then have the well-known unbiased estimate of the
time lags. residual variance from the residual sum of squares:

We follow Vejmelka et al(2014h &) with some simplifica- .
tions. To assimilate the moisture measurement into the model > = .o 1 AL D A 2
(Eq.3) with N, dead fuel classes at each grid point, we aug-" ¢ — mZ;e (5:)", e (si) = Z (s1)
ment the model stat@n)i=1,...n, by perturbations\ E and =
AS of the equilibrium moisture values: we replagg, Ev,
andS in Eq. 3), by Eq+ AE, Ey+ AE, andS + AS, re-
spectively, and add the differential equations id/dr =0,
dAS/dr =0. We then apply the standard extended Kalman
filter to the model in the augmented variables:

m (1) = (m1(t;) . ma(t;),....my, (t;), AE (1), AS (%))

Note that the common state variabla¥ and AS now
couple the evolution of the different time-lag fuel-moisture With the mean-squared prediction error
classes together.
We extend the measurements and their uncertainty fronvarZ(s) = 62 + ()/2+&2)x(s)T(X(s)TX(s))*lx(s),
several RAWS locations to the whole domain using a
trend surface modelSchabenberger and Gotwa2005 wherex(s) = 1[X1(s), ..., Xz(s)]".

Sect. 5.3.1). We look for a fuel-moisture estimae) at a We usek = 8 covariates. The first four covariates are taken
locations in the form to be the current forecast of 10 h fuel moisture, air temper-
ature at 2m, the surface pressure, and the current rain in-
Zes) = X1®)Br+ -+ Xi()Bi +e(s), ™ tensity, which capture the F;:f'fect of the local state of the at-
where the fieldsX ; are given fields, called covariates, and mosphere on the fuel-moisture equilibrium. The remaining
the errorse(s) ~ N(0, 62) are independent, witls2 the  covariates are the terrain elevations, and three independent
variance of the so-called microscale variability (i.e., the functions linear in space, taken as the longitude, the latitude,
part of the structure of the spatial random field that is tooand a constant. These covariates were found to result in the
small to be captured by the mesh). Given the measurementgest prediction from several alternatives. With these covari-

—(X1(s)B1+-+ Xk (s) Br) - (11)

The mean and the variance of the estimated #&ld are ob-
tained by computing the least-squares solufidrom Eq. @)

and substituting into the trend surface model (Bg.which
gives

EZ(s) =X1(s)Br+ -+ X (s) Bk

2(sl~), i=1, ...,n, the coefficients8; are found from the ates, the trend surface model alone gave better results than

regression: the inverse square distance interpolation method used in the

. WFAS (Burgan et al. 1998, and employing the extended

Z(si) =Xa(si)Br+ -+ Xi(si) Bxte(si) +esi), Kalman filter resulted in a further improvemernte{melka
i=1...,n, (8) et al, 20143 Fig. 3).

where the errors(s;) ~ N (0, y2) are assumed to be indepen-

dent, and also independentegf;). The variances? models 6 Data management and visualization

the measurement error at the measurement-station locations

s1, ..., sn. SeeVejmelka et al.(2014b for a generalization ~WRF-SFIRE input uses, in part, the standard WRF inputs,
on wheny? is allowed to be different at different locations prepared by the WRF Preprocessing System (WPS) in WRF.

Si. In addition to meteorological data needed for WRF, SFIRE
The solution of the regression problem (Bjjis obtained ~ also requires high-resolution topography and fuel maps.
as the least-squares solution: These are, however, typically available in GeoTIFF format,
1 rather than one of the formats employed by WPS, which was
B = (X(s)TX(s)) X! Z(S), (9) created primarily for processing atmospheric data.

GeoTIFF is a standard for georeferencing metadata in

where Tagged Image File Format (TIFF) fileRifter and Ruth

B1 X1(s1) - Xi(s1) 2000. The GeoTIFF format is particularly useful for fire-

related data and fine-scale topography, because it enables a
B= : X (s) = . : ’ compact representation of data on large meshes with thou-
Bi Xi(sn) -+ Xi(sn) sand of cells (pixels) in each dimension.
7 (s1) GeoTIFF support has been added to WRF-SFIRE in two
forms Beezley et a].2017). First, GeoTIFF can be converted
: : (10) into Geogrid files, which can be read by any standard instal-
Z(sk) lation of WPS by a separate utility. This utility, which has
a command line, flags to control various Geogrid attributes,

Z(s) =
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such as the size of the tiles. The utility creates a headeorganic carbon emissions in molky In every time step,
that contains both a description of the tiles and the geocodthe mass of every species emitted from the burning fuel dur-
ing (projection and reference points). TopoGrabhetp ing the time step is converted to appropriate concentrations
/Nlaps.noaa.gov/topograbfes a Python application based in the first layer of cells in the atmospheric grid in WRF, and
on this conversion utility, which is capable of downloading added to the concentrations of the chemical species advected
and converting topographical data automatically. by the atmosphere and subject to chemical reactions modeled
Conversion of GeoTIFF files, however, creates large Ge-by WRF-Chem.
ogrid files, which can present difficulties. For this reason, the WRF, with or without Chem, can be run with eight pas-
WPS has been modified to read GeoTIFF files directly. Heregsive tracers, which are advected by the atmospheric winds
the GeoTIFF library is wrapped around an abstraction layemwithout any chemical reactions. One is a basic tracer, simply
that reads the data in tiles. The main advantage is that it candvected by the wind field, other passive tracers have vari-
read floating point data directly, rather than needing to con-ous special properties (e.qg., diffusion). Emission factors for
vert to and from fixed point, as required by the Geogrid file the tracers are specified in the same configuration file as the
format, and thus it can handle large meshes more easily. Suathemical species, in each fuel category. Just like the chem-
meshes occur naturally as a consequence of high-resolutioical species, passive tracer emissions are converted by the
fire modeling. coupling code to concentrations in the first layer of the at-
NetCDF is the standard file format for WRF output files. mospheric grid in WRF, and added to the tracer concentra-
Visualization pathways that utilize WRF-SFIRE output files tion. Unlike WRF-Chem, which is very computationally in-
in the NetCDF format include VAPOR and KML format tensive, turning on the tracers has only a minimal effect on
for Google Maps and Google EartBdezley et al.2012. the computational cost. Therefore, modeling-emission trans-
What has caught the most attention is the utility posted atport by the passive tracers is well suited for forecasting in
https://github.com/jbeezley/wrf2kmZ his utility processes real time.
the NetCDF files from WRF-SFIRE into KML and the com-  See the WRF-SFIRE Users’ GuidegenWFM 2013 for
pressed variant KMZ, using several Python libraries. This ismore details on use, antbchanski et al(20144a b) for fur-
the software used to generate the Google Maps and Googliher justification and experimental results. Figdreillus-
Earth images in this paper and in our previous work, ref-trates the simulation of emissions from a large fire.
erenced here. It is also behind the prototype web interface It is noteworthy that the described coupling also includes
(Beezley et al.2012, as well as the Israeli national opera- integration with aerosol schemes. Depending on the selected
tional system, described in Se8t. options in WRF-Chem, the chemical species emitted from
the fire may react in the atmosphere, leading not only to sec-
ondary pollutants formations, but also to secondary aerosols.
7 Coupling with smoke transport and chemistry The chemical species emitted and formed in the atmosphere,
as well as primary and secondary aerosols, may impact ra-
Fire emissions from SFIRE can be input into WRF—-Chemdiative and microphysical processes, thus adding new levels
(Grell et al, 2005 as chemical species, or into the WRF dy- of coupling between the fire and the atmosphere.
namical core as passive tracers. Chemical species are avail- In the simplified emissions model used, the emissions are
able only when WREF is built with the Chem component, fuel specific and defined per mass of burned fuel. Hence,
while the smoke representation in passive tracers is availablenly the fuel consumption rate (mass/unit time) is used for
even in the base WRF code. This has a significant advanthe computation of the emission fluxes. In future versions,
tage, because the full WRF—Chem execution is very compuwe will consider supporting emission factors dependent on
tationally intensive, and setting up the coupled WRF-Chem-fire characteristics, such as the fire intensity and fuel frac-
SFIRE model is much more difficult. Both kinds of fire emis- tion, and distinguishing empirically between the flaming and
sions are handled by SFIRE in the same way, transparentlgmoldering stages of fire.
to the user. So far, the simulated Pp4, NO, O3, and plume height
The chemical emissions from a fire are modeled as thehave been tested against observatiodechanski et al.
mass of the fuel burned times the emission factor for eact2014. The results of coupling with aerosol schemes have
species, specified in a configuration file as a text table. Filesot yet been validated.
with emission factors from FINNWiedinmyer et al.2011)
for the regional acid deposition model (RADM) and model
of ozone and related chemical tracers (MOZART) chem-
'Cf”ll mechanisms, supported by WRF—Qhem, are SuPp“e.dl'he Israeli national fire forecasting systeis built on top of
with the code. The table contains one line for each chemi- : L
. . : WRF-SFIRE. From the advances described in this paper, the
cal species, with the amount per kilograms of fuel burned for
each fuel category. Gas emissions and particulate emissions 1The Israel national fire forecasting system is an initiative of the
(PMo5 and PMy) are given in gkg?, and non-methane Israel Public Security ministry.

8 Operational use in Israel
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Figure 11. An example of the PMs concentration field in ug f simulated for the Witch and Guejito fires in California using WRF—
SFIRE-Chem(a) Simulated PM 5 on 22 October 2007, 13:00 LT (hour 85 since 19 October 2007, 00:00 LT) with the location of the
Escondido air-quality station. Only concentrations above 58dgare shown, and the black fill in the background represents the burnt area,
(b) Simulated hourly averaged B (red line) and observations (black points) from Escondido air-quality station, marked as the white
squares offa).
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Figure 12. Weather forecast for Israel, which serves as a basis for the fire forecast. Wind and temperature shown to the user.

system uses the potential fire behavior (Ségtthe mois-  which the fire forecast is made. The WRF forecasts are at
ture model (Sect), and the geographic information system a 1.333 km resolution (higher than the NWS forecasts), and
(GIS) data sources and conversions (S@ct-or operational  then they are dynamically downscaled by nesting a 444 m
reasons, this deployment uses coarser meshes on a smalignid within the 1.333km mesh, similarly as in Fi§. The

number of processors. The effect of the feedback from thecoupled atmosphere—fire model then runs with 444 m atmo-
fire to the atmosphere is reduced, but the benefits of the tighspheric mesh resolution and 44.4 m fire mesh resolution. This
(coupled) integration of the fire simulation with a fine-scale system can provide not only fires forecast, but also high-

weather forecast remain. resolution forecasts of severe weather winds/hail, precipita-
The system is based on a complete WRF mesoscaléion fields, and terrain-sensitive snow amounts.
weather forecast for Israel (Fid.2). In order to be able Once a day, the moisture model is run with a 1.333 km

to produce a fire forecast on demand, the weather foreresolution and a 1 h time step from the 24 h weather forecast.
casting system uses National Weather Service (NWS) datd@he output of the fuel-moisture model is then interpolated to
four times daily, refined into hourly WRF forecasts, from 444 m and provided to the fire model hourly.
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Figure 13.Interactive fire ignition.

The fire forecasting system works interactively via a web
interface. When a fire is detected, the user pins the loca-
tion of the fire by clicking on the interactive map (Fitg), ;
or enters the location numerically. The web site then noti- §
fies the server system that a WRF-SFIRE forecast has 1 9,
requested. Given the ignition point, a Python script on the &
server generates a series of name lists with the correct pal
rameters describing the fire simulation domain, which has &
36 x 36 cells on the atmospheric 444 m mesh, and:3G660

are interpolated to the fire mesh grid.

In about 10—-12 min, the first hour of the forecast is pro- =
duced, and within 30min, a 6 h fire forecast is staged for
download on the website. In addition to animations, the web
site also creates Google Earth-based maps of fire spread, i

tensity, and area coverage. A screen snapshot from the forE'l’—"igure 14.Fire area and fire-line forecast for the fire area of a real

cast _Of the 2013 Eshtaol fi.r(.-:- in Israel is in Figl. The for- fire that was ignited at 11:15LT, 9 October 2013. Fire area value
est fire caused the authorities to block road 38 for 3 h, un-sf 1.0 means that the whole grid cell is burning.

til they controlled the fire intensity by utilizing ground and
aerial suppression.

The fuel maps are an aggregate of three sources. GIS maps i .
of forests from the Jewish National Fund (JNF)'s field opera-IN Order to enable applying the modified rates of spread, as
tions are overlaid by a GIS land-use map from Israeli nationaiSuggested barmel et al(2009. Specifically, the rates of
archives. Both are at a 61 m resolution. The third source is théPread are reduced by a factor of 2 Aorderson(1982) fuel
US Geological Survey (USGS) 1km resolution vegetationModels 1 and 4, and by a factor of 4 for fuel model 10.
map, which pads the missing data around the Israeli border The System also provides an estimate of how bad the fire
and inside the Palestinian authority. Since Rothermel's rateVould be if a specified location were to burn. Measures of
of spread model was not developed for Mediterranean conthe severity of such potential fires are computed along with

ditions, the system supports rate of spread correction factore fine-resolution weather forecast in every cell of the fire
model. The first such measure is the maximum rate of spread
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Figure 15.Fire-risk forecast for Israel, computed as the maximal rate of spread in any direction, and rescaled so that the maximum possible
fire rate of spread from Rothermel’s model corresponds to value of 5.

in any direction, computed from the fuel category in the cell, advanced by hew components, which significantly expanded
the forecasts of fuel moisture, and forecast of the wind vec-the original capabilities of WRF-SFIRE. The coupling be-
tor, in exactly the same way as that in the fire simulation.tween the atmospheric component of the system and the fuel-
The fire intensity and fire-line intensity are then derived from moisture model enables modeling the fire spread while taking
the maximum rate of spread in any direction (S&3t.The into account dynamic changes in the fuel properties driven
code provides these values at all nodes of the fire model gridby the weather conditions. In the current form, the model not
However, our users were interested in a simplified interfaceonly creates a weather forecast, but also a fuel-moisture fore-
with the values only shown at several select points. There<cast, which is used by the fire component of the system to
fore, only the values of the fire-line intensity, rescaled to thesimulate the fire behavior. This new level of interaction em-
range 0 to 5 at several landmark points, are presented to theedded into the WRF-SFIRE modeling system has the po-

web user (Figl5), instead of a map with several layers. tential to improve fire-behavior representation when tempo-

Validation of the system currently relies on existing vali- ral changes in the fuel moisture affect fire spread. The model
dation studies for WRF-SFIRK¢chanski et a].2013h c). does not assume any diurnal variation in the fuel moisture
Validation for local conditions, including fuel types, maps, or intensity. Instead, basic atmospheric properties, including
and the effect of the moisture model, is in progress. temperature, humidity, precipitation, and winds, are used for

The WRF-SFIRE system can provide a valuable and helpthe computation of the fuel moisture and the fire spread at
ful tool to users. Currently, it is the only fire model running in any given time. The fuel-moisture component of the system
Israel operationally, and, as far as we know, the only coupleds also used as the core of a fuel-moisture-data-assimilation
fire—atmosphere model running operationally anywhere. Insystem, which creates the best estimate of the fuel-moisture
addition, the weather forecasts themselves are not standastate, generated in a gridded form by a fusion of the observed
NWS products, but rather predict the weather at the scale ofuel moisture with the moisture-model estimates.
the fire attack crews. The system is delivered to subscribersin The updated version also simulates the fire smoke. De-
the firefighting community and other users in Israel to fore- pending on the users’ requirements, smoke can be simply
cast the fire spread and assess the difficulty of suppressiommeated as a passive tracer advected in the dynamical core of
and fire dangerRegev et a.2012). the WRF model, or represented as a mixture of chemically

reactive species emitted into the atmosphere, and undergoing

chemical and physical reactions. The latter approach, requir-
9 Summary and conclusions ing building the model with WRF—Chem, not only allows

the study fire and smoke emission and dispersion, but also an
WRF-SFIRE system has significantly evolved since its orig-investigation of the effects of smoke on atmospheric chem-
inal description was published iMandel et al. (2009  jstry. The coupling between the fire model and the chemistry
2011). The originally simple fire-modeling framework was
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