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Abstract. Vorticity-driven lateral fire spread (VLS) isaform 1 Introduction

of dynamic fire behaviour, during which a wildland fire

spreads rapidly across a steep leeward slope in a direction

approximately transverse to the background winds. VLS isMulti-scale physical interactions between a wildland fire and
often accompanied by a downwind extension of the activethe local fire environment, namely the topography, the fuel
flaming region and intense pyro-convection. In this study, the@nd the weatherQountryman 1972, can lead to dynamic
WRF-Fire (WRF stands for Weather Research and Forecasfire behaviour and result in rapid fire growth. The dynamic
ing) coupled atmosphere—fire model is used to examine thé&scalation of wildland fires into conflagrations represents a
sensitivity of resolving VLS to both the horizontal and ver- Major challenge in wildland fire management. Current op-
tical grid spacing, and the fire-to-atmosphere coupling fromerational fire spread models, a number of which are sum-
within the model framework. The atmospheric horizontal andmarised in the recent review of wildland fire spread models
vertical grid spacing are varied between 25 and 90 m, and th&Y Sullivan (2009a b, c), typically assume that the rate of
fire-to-atmosphere coupling is either enabled or disabled. AgPread will remain constant unless there is a change in the
high spatial resolutions, the inclusion of fire-to-atmosphereu”de“yi”g fire environment conditions. This steady state as-
coupling increases the upslope and lateral rate of spread b§umption can be invalid for dynamic modes of fire spread, in
factors of up to 2.7 and 9.5, respectively. This increase inWhich the rate of spread can vary markedly due to coupled
the upslope and lateral rate of spread diminishes at coarseépteractions between a wildland fire and the surrounding fire
spatial resolutions, and VLS is not modelled for a horizontal€nvironment. Understanding the physical processes that un-
and vertical grid spacing of 90 m. The lateral fire spread isderpin these dynamic modes of fire spread is therefore a key
driven by fire whirls formed due to an interaction between Step towards improving the planning, preparedness, response
the background winds and the vertical circulation generateddnd recovery surrounding the incidence of extreme fires.

at the flank of the fire front as part of the pyro-convective A number of dynamic modes of fire spread, in which the
updraft. The laterally advancing fire fronts become the domi-rate of spread can not be determined solely from the fire envi-
nant contributors to the extreme pyro-convection. The resultgonment conditions, have now been identified. Wildland fires
presented in this study demonstrate that both high spatial re:an exhibit a continually increasing rate of spread on steep

olution and two-way atmosphere—fire coupling are requiredS!opes and in canyon¥iggas and Pita2004 Dold and Zi-
to model VLS with WRF-Fire. noviey, 2009 Pimont et al. 2019). Viegas et al(2012 and

Sharples et al2013h discussed the abrupt increase in rate
of spread that can occur when two wildland fires intersect at
an oblique angleClark et al.(1996a b) used the CAWFE

(Coupled Atmosphere-Wildland Fire Environment) model to
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examine coupled atmosphere—fire interactions, such as dybelow, followed by the simulation results and a number of
namic fingering, in which rotating columns of air near the conclusions.

fire front can drive rapid fire spread ahead of the main front.
Rotating columns of air above a wildland fire, commonly re-
ferred to as fire whirls when formed due to pyro-convection
(Fort_hofer and Go_odnck201]), are a common feature in dy- 21 WRE-Fire
namic modes of fire spread.

McRae(2004 andSharples et al2012) identified an im- 1o WRF-Fire coupled atmosphere—fire model is included as
portant drlver of extreme_ﬂre development in the _2003 Can'part of the Weather Research and Forecasting (WRF) numer-
berra bushfires, which involved rapid lateral fire spreadicy| weather prediction model. Version 3.5 of the Advanced
across a steep leeward slope in a d_|rect|qn_ approximatelk acearch WRF3kamarock et al2008 is used in this study,
transverse to the background winds, in addition to the usuabnq includes a version of WRF-Fire similar to that described
downwind direction. Originally termed ‘lee-slope chan- y pmandel et al(2011). Coen et al(2013 andMandel et al.
nelling” and then *fire channelling”, this dynamic mode of (5014 have recently described other versions of the WRF-
fire spread has subsequently been mvestl_gated through labgs,e and the WRF and SFIRE coupled atmosphere—fire mod-
ratory experimentsSharples et al201Q Farinha201) and - g|5 The WRF-Fire model has developed out of the CAWFE
coupled atmosphere—fire modellingifipson et &.2013 oy pled atmosphere—fire model usedCigirk et al.(1996a
Sharples et al20_133. The lateral fire spread appears to be b, 2004 and Coen(2005. Kochanski et al(2013a b, ¢, d)
driven by fire whirls formed over the leeward slope, and haspaye recently presented several validation case studies for the
qualitative similarities to a dynamic fire spread process de\yRF and SFIRE coupled model, aRéace and Mill§2012)
scribed briefly byCountryman(1971). used the model to study the 2007 Kangaroo Island bush-

- WRF-Fire is one of a number of coupled atmosphere—reg in Australia.Simpson et al(2013 and Sharples et al.
fire models capable of directly modelling two-way cou- (20133 have previously used the WRF-Fire model to inves-

pled atmosphere—fire interactions. Other examples includ%gate VLS, and a similar model configuration is adopted in
the CAWFE Clark et al, 1996a b), HIGRAD/FIRETEC  ihis study.

(Linn et al, 2002 2007 Cunningham and Linn2007) and The WRF model utilises fully compressible non-
MeésoNH-ForeFireKilippi et al, 2009 2011) coupled mod-  pyqrostatic equations and a mass-based terrain-following co-
els. Simpson et al(2013 used WRF-Fire to model the de- oginate system. In this study, WRF is used in a large eddy
velopment of a WlIdIanq fire |gn|ted on the Ie'eward slope gimulation configuration, referred to as WRF-LES (large
of a trlangular?shaped ridge oriented perpendlculerly to theeddy simulation) Moeng et al. 2007 Mirocha et al, 201Q
b_ackground Wl_nds. They eoncluded that the resulting Iate_rakirkil et al., 2012. WRF-LES explicitly resolves the grid-
fire spread, which qualitatively matched that observed duringscqje atmospheric eddies, whereas the subgrid-scale motions
the 2003 Canberra bushfirestarples et al2019), is driven 516 modelled using a subfilter-scale stress model. WRF-LES
by fire whirls that formed due to an interaction between thejs herefore well suited to modelling turbulent atmospheric
terrain-modified winds and pyro-convectively driven verti- flows, such as those associated with VLS. In this paper, the
cal circulations above the fire. This explanation permits the,_p wildland fire spread model to which WRF-LES is cou-
phenomenon to be characterised as “vorticity-driven lateralyjeq will be referred to as SFIRE. Each wildland fire ignited
spread (VLS)".Sharples et al(20133 subsequently used i, SFIRE is modelled as a temporally evolving perimeter that
WREF-Fire to examine the effect of varying the background 5qyances through the model domain using a level set func-
wind speed on the occurrence and characteristics of VLSjon The SFIRE model grid is defined on a subgrid of the
and found a lower threshold in the background wind speedyrr.| ES horizontal model grid, and the horizontal extents
for VLS. The existence of environmental thresholds for VLS ¢ the SFIRE and WRF-LES model domains coincide. The
has important implications for the management of wildland terain in SFIRE is defined at a higher spatial resolution than
fires in rugged terrain, although these environmental thresh;, \WRF-LES when the subgrid ratio is greater than 1, but is
olds are not presently well understood. _ _ otherwise identical. A total of 13 different fuel types, based
This study aims to examine the effect of varying th_e ho_r|- on the 13 Anderson fuel categorieangderson 1982, are
zontal and vertical grid spacing, and enabling and disabling,yajjaple by default in SFIRE. The parameterised fuel prop-
the fire-to-atmosphere coupling, in the WRF-Fire model of gties include the initial mass loading, fuel depth, surface-

the occurrence and characteristics of VLS. It is expected;req_to-volume ratio, moisture content of extinction and rate
that there will be a threshold in the horizontal and vertical 5t mass loss following ignition.

grid spacing, above which VLS is no longer modelled. This e rate of spread is calculated each time step at each point
will indicate the spatial scale at which the dynamic interac- along the fire perimeter using Rothermel's semi-empirical
tion driving the lateral fire spread operates. The WRF-Firego spread modeRotherme) 1972):

model and the configuration used in this study are discussed
R = Ro (1 + ¢w + ¢s), (1)

Numerical modelling
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whereR is the rate of spready is the base rate of spread radiation, urban surface physics, planetary boundary layer
in the absence of wind or slope, aggy and ¢s are wind  and cumulus parameterisations are disabled. An idealised do-
and slope correction factors. Unless otherwise stated, thenain is used with a prescribed wind profile, rather than real
rate of spread values presented in this study are calculatetérrain and weather data. Diffusion in physical space is cal-
from a mean average over 5 min intervaiy.is determined  culated using the velocity stress tensor and eddy viscosities
solely by the parameterised fuel properties, whergaand  are calculated using a 3-D prognostic 1.5-order turbulence
¢s are calculated using the local terrain slope and mid-flameclosure scheme. A Rayleigh damping scheiierp et al,
height winds. In this version of SFIREs has a minimum 2008 is used in the top 1km of the model to absorb up-
value of zero. In this version of WRF-Fire, the mid-flame ward propagating gravity wave energy and to dampen the
height winds are calculated through the vertical interpolationpyro-convection. The lateral and top boundary conditions are
of WRF-LES winds, using the logarithmic wind profile, to an open radiative, whereas the lower boundary is free slip. The

estimated mid-flame height. As noted Gpen et al(2013, main model time integration in WRF-Fire is performed using
the height and location relative to the fire front at which to a third-order Runge—Kutta scheme and the primary time step
take the winds remains an active research area. chosen is 0.0625 s for each simulation, regardless of spatial

The coupling from the fire to the atmosphere is achievedresolution. The secondary time step is a time-split small step
in WRF-Fire through the conversion of fuel mass to latentfor acoustic and gravity wave modes, and is set to one eighth
and sensible heat in SFIRE. The sensible and latent heaif the primary time step. The initial 20 min of each simula-
is injected each time step into WRF-LES and subsequentlytion are considered the spin-up period and are not included
affects the local atmospheric conditions, including the mid-in the time-averaging calculations. Only limited atmospheric
flame height winds. For each kilogram of fuel combusted inturbulence is spun up in WRF-Fire during the initialisation
SFIRE, 17.43 MJ of sensible heat is produced, and the serperiod, due to the absence of any sources of surface friction
sible heat flux is inserted as an additional source term to ther surface heating. The total simulation time, including the
equation for the potential temperature in WRF-LES. In this spin-up period, is 2 h.
study, the corresponding latent heat flux, which is inserted as The horizontal extent of the WRF-Fire model domain is
a source term for the water vapour concentration, is around approximately 8< 8 km, and the number of WRF-LES and
factor of 10 smaller than the sensible heat flux. The sensibl&SFIRE model grid cells varies with the horizontal and verti-
and latent heat fluxes are individually aggregated across theal grid spacing. A triangular-shaped ridge is located within
SFIRE model subgrid and used to calculate the heat fluxeboth the WRF-LES and SFIRE model domains. The ridge’s
for each WRF-LES model grid vertical column. The vertical windward slope begins 2 km to the east of the western lateral
distribution of the heat fluxes within each WRF-LES model boundary, and the windward and leeward slopes are 20 and
grid column is controlled by an exponential decay function, 35°, respectively. In contrast to the studies®iypson et al.
with the greatest quantity of sensible and latent heat injected2013 and Sharples et al(20133, the ridge’s peak height
into the lowest model vertical levels. The fire-to-atmosphereof around 600 m is smaller, and the ridge height decreases
feedback in WRF-Fire can be switched off by applying alinearly at its southern and northern edges &t 20400 m
multiplier of zero to the heat fluxes calculated by SFIRE.  wide region of flat terrain is located at the southern and north-

ern lateral boundaries to allow the background winds to flow
2.2 Model configuration around the ridge. A cubic spline interpolation is used to par-

tially smooth the terrain edges.
The WRF-Fire model is used to conduct 16 simulations, The WRF-Fire model top is initially set to 5km and the
which are divided into two groups of 8 simulations with vertical non-stretched grid spacing is initially equal to the
the fire-to-atmosphere coupling enabled and then disablechorizontal grid spacing in WRF-LES. There are minor varia-
Within each group, the WRF-LES horizontal and vertical tions in the vertical grid spacing with time due to the use of
grid spacing is set to 25, 30, 40, 50, 60, 70, 80 and 90 msigma vertical levels, and the model top varies by up to 200 m
The subgrid ratio used between the SFIRE and WRF-LESn each simulation. Each simulation is initialised with hori-
model grids is set to eight in each simulation, resulting in azontally homogeneous vertical profiles of the water vapour
minimum and maximum horizontal grid spacing of 3.125 and mixing ratio, the potential temperature, and the horizontal
11.25m in SFIRE. This range of grid spacings was chosen asinds. The water vapour mixing ratio is initially set to zero at
it sufficiently demonstrates the effect of spatial resolution onall heights. The potential temperature is initially set to 300 K
modelling VLS with WRF-Fire. Individual simulations are between the surface and 4 km, and then increased linearly
named according to whether the fire-to-atmosphere couplingo 310K between 4 and 5km. This stable layer acts to pre-
is enabled (“C") or disabled (“N"), followed by the horizon- vent considerable descent of the model top towards the sur-
tal grid spacing in metres. For example, C30 is a coupled simface. A temporally uniform westerly wind is prescribed at
ulation with a horizontal grid spacing of 30 m in WRF-LES. the western lateral boundary. The vertical wind profile at this

In this study, WRF-Fire is used in a highly idealised boundary is given by/(z) (ms™1):
configuration. The microphysics, longwave and shortwave
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U(z) = Ug P(2)%, 2

whereUj denotes the background wind speed (s P (z)
prescribes the vertical wind profile aridddenotes the unit
vector along the: axis, towards the easP.(z) is defined as

(). < =200

P@ =17 2 > 200

®3)

where z is the height (m). In contrast to the studies by
Simpson et al(2013 and Sharples et al20133, the wind
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profile power law has an exponent of 1/7. This exponent is gFigure 1. Variation in time of the combined sensible and latent

standard alternative to the logarithmic wind profile when the
atmospheric stability is neutralstus et al.1976. In this
study, the background wind speed is set to 15 tnfer each
simulation. 3
Fuel type 13, which corresponds to the heavy logging slash
Anderson fuel categonAnderson1982), is assigned homo-
geneously across the SFIRE model grid. Figushows the

(i.e. total) heat flux for an SFIRE model grid cell immediately fol-
lowing its ignition in WRF-Fire.

Results

3.1 Fire spread stages

variation in time of the total heat flux for an SFIRE model The wildland fire spread can be visualised using the ignition
grid cell following its ignition. The exponential decrease in time for each SFIRE model grid cell and is shown for each
the total heat flux is associated with a weighting parameteMWRF-Fire simulation in Fig2. Three distinct stages of fire
defined individually for each fuel type, and in this case resultsspread can be identified from these simulations, not including
in a halving of the heat flux approximately every 15 min. This the prescribed ignition described previously:

fuel type has a base rate of spread of around 0.12Kmh
In order to estimate the mid-flame height wind speed, the
WRF-LES winds are horizontally and vertically interpolated

to a height of 1 ma.g.l. (above ground level). The vertical in- o

terpolation uses the logarithmic wind profile with a surface
roughness length of 0.1 m. The choice of height and the sur-
face roughness in the vertical interpolation represent default

values in WRF-Fire, and are not related to physical proper- 3.

ties of heavy logging slash fuels. As the fuel type and slope
are identical for each WRF-Fire simulation, any difference
in the fire spread is due solely to variations in the mid-flame

1.

Upslope: the fire front advances upslope from the igni-
tion region to the ridge line.

Initial lateral: the fire spreads laterally across the lee-
ward slope at a rate higher than the base rate of spread.
This can occur during the upslope fire spread.

Intermittent lateral: the lateral extensions of the fire

perimeter continue to spread intermittently, at a rate that
is highest on the leeward slope and close to the ridge
line.

height wind conditions, and the subsequent dynamic tWo-ln those coupled simulations with a horizontal grid spacing

way a_tmosphere—flre coupling, if the fire-to-atmosphere Cou-of 25 to 80 m, there is considerable lateral fire spread along
pling is enabled.

The fire is ignited at the end of the 20 min spin-up pe- the Ieeward_ slope, part!cularly near_the ridge line. In con
. i . S . trast, there is no appreciable lateral fire spread subsequent to
riod. The fire perimeter is ignited out to a distance of 40m . S e .
. L : . the prescribed ignition in the C90 and non-coupled simula-
in all directions away from a south—north line of 200m in

length. This south—north line is centred on thaxis and is tions. This indicates that resolving the fire whirls is critical

located towards the base of the leeward slope, which emu]ior modelling VLS with WRF-Fire.

lates the laboratory experiments describeShwarples et al.
(2010 and Farinha(2011). The fire is ignited at two loca-
tions simultaneously, starting from the northern and southernn each non-coupled simulation, the fire front develops a
edges of the south—north ignition line and spreading towardsgarabolic shape as it advances upslope after the prescribed
the centre of the south—north line. Following this ignition ignition. The parabolic shape develops as a consequence
process, the fire is allowed to spread freely throughout thepf the ignited fire shape, with a rounded fire perimeter on
model domain for the remainder of the simulation. The pre-its southern and northern edgeS, and the method used in
scribed ignition is not included in any rate of spread calcu-WRF-Fire to account for the effect of slope on the rate of
lations presented below. In a real situation, a spot fire coulcspread Klandel et al. 2011). During the 25 to 30 min pe-

be ignited in this location due to the transportation of fire- rjod following the prescribed ignition in which the fire ad-
brands downwind from a wildland fire located upwind of the vances upslope, the westerly rate of spread typically varies
leeward slope. between 1.0 and 1.2 knth for each simulation, as shown

3.2 Upslope fire spread in non-coupled simulations

Nat. Hazards Earth Syst. Sci., 14, 2352371, 2014 www.nat-hazards-earth-syst-sci.net/14/2359/2014/
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Figure 2. Time of ignition (min) for each SFIRE model grid cell, and terrain height (m) line contours for(@acbupled angb) non-coupled
simulation. Simulation names are provided in the top-right corner of each individual plot.

in Fig. 3a. This is approximately 10 to 12 times higher than appreciably affect the upslope rate of spread for this particu-

the base rate of spread. The limited variability in the westerlylar model configuration.

rate of spread between simulations indicates that the resolu- Once the fire front encounters the ridge line and the slope

tion of the terrain-modified mid-flame height winds does notis no longer positive, the westerly rate of spread decreases
towards the base rate of spread. The fire then continues to
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Table 1. Time after ignition (min) and lowest height (m) on a leeward slope at which the initial lateral spread occurs for each coupled
simulation. Also included is the time after ignition (min) at which the fire perimeter first reaches the ridge line.

Simulation  Northerly lateral spread Southerly lateral spread  Ridge
Height Time Height Time (min)
(m) (min) (m) (min)

C25 300 10 280 9 17
C30 300 9 300 7 16
C40 300 17 400 23 24
C50 380 26 500 33 33
C60 380 29 480 38 40
C70 440 29 280 20 44
C80 420 37 N/A N/A 70
C90 380 32 N/A N/A 75

spread in all directions at approximately the base rate of(a)
spread for the remainder of the simulation, resulting in a ~
slowly expanding fire perimeter, as seen in Flg. Figure4
shows the time-averaged mid-flame height horizontal winds
for the N25 simulation. The terrain-modified winds are fairly
consistent in time after the WRF-Fire initialisation period,
and are weak across the leeward slope. The upslope rate of
spread is instead dominated by the slope correction term in

Eqg. ().

3.3 Upslope and initial lateral fire spread in coupled
simulations

-1

Westerly spread rate (km h
00 05 10 15 20 25 3.0 35

o

60 80 100 120
Time (min)

C

)

The westerly rate of spread is typically much more vari-
able, both in time and between simulations, for the coupled
simulations than for the non-coupled simulations, as demon-
strated by directly comparing Figa and b. The peak west-
erly rates of spread are 2.90, 3.14, 2.28, 1.50 and 1.79¥mh
in the C25, C30, C40, C50 and C70 simulations, compared
with 1.16, 1.18, 1.20, 1.20 and 1.15 km'in the N25, N30,
N40, N50 and N70 simulations. This demonstrates that in- ——— T T
clusion of the fire-to-atmosphere coupling in WRF-Fire can 20 40 60 80 100 120
markedly affect the upslope rate of spread and initial fire Time (min)

front development, partlcularly at E_l higher spatial reSOIutlon'Figure 3. Westerly rate of spread (kmﬂlr) following the prescribed
Forthe CG_O' C80 a”(?' CQQ simulations, the peak upslope rat%nition for each(a) non-coupled an¢b) coupled simulation.

of spread is almost identical to the equivalent non-coupled

simulations, indicating limited impact of the fire-modified at-

mospheric dynamics on the upslope rate of spread.

In the coupled simulations, the fire front also initially de- begins earlier and lower on the leeward slope as the hori-
velops a parabolic shape as it advances upslope from the preontal and vertical grid spacing decreases. This initial lateral
scribed ignition, similarly to in the non-coupled simulations. spread prior to the arrival of the fire front at the ridge line was
However, the turbulent fire-modified mid-flame height winds not discussed bgimpson et al(2013 and Sharples et al.
can result in asymmetric fire front advancement, which rep-(20133.
resents the start of the initial lateral fire spread stage, priorto In the C25 and C30 simulations, fire whirls with non-
the fire front reaching the ridge line. The approximate time zero vertical and horizontal vorticity vector components are
after ignition and height on the leeward slope of this initial formed non-symmetrically in close proximity to the fire
lateral spread is provided in Tablefor each coupled sim- perimeter during the upslope fire spread stage, as shown for
ulation, alongside the time at which the fire front first en- the C25 simulation in Figs. The fire whirls drive the initial
counters the ridge line. The initial lateral fire spread typically lateral fire spread, to beyond the initial south—north extent
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N25 simulation.
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Figure 5. Vertical velocity, W (ms~1), at approximately 40 ma.g.l., and horizontal mid-flame height wind vectors, where the wind speed is
atleast 5ms?, at a time of(a) 28, (b) 30, (c) 32 and(d) 34 min for the C25 simulation. The expanding fire perimeter every 2 min is shown
by the thick black lines, whereas the dashed lines indicate the terrain height at 100 m intervals. A reference westerly wind vectol of 5m s
is shown in the bottom right dfif), and the dashed pattern filled region indicates the prescribed ignition region.
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Figure 6. Southerly(a, c) and northerly(b, d) rates of spread (kniht) following the prescribed ignition for eadfa, b) coupled andc,
d) non-coupled simulation.

prescribed in the ignition, during the upslope fire spread in3.4 Intermittent lateral fire spread in coupled
both the C25 and C30 simulations. It also contributes to- simulations
wards the high peak westerly rates of spread of 2.90 and

3.14kmir, r_espectively. Fire_whirls are also prese_nt duri_ng For those coupled simulations in which VLS occurs, the lat-
the upslope fire spread stage in the other coupled SImUIatlon%ral extensions of the fire front close to the ridge line be-

but do not affec.t the upslope or 'ateTa' rate of Spfe?d 0 thet:ome the most rapidly advancing parts of the fire perimeter
same_extent asinthe C25 an(_:i C30 S|mulqt|ons. \ortices wm(—tnce the upslope and initial lateral fire spread stages have
a verﬂcgl component are entirely absent.m the non—couple oncluded. The southerly and northerly fire fronts continue

simulations, demonstrating that the vortices are fire whirls 0 advance laterally across the leeward slope in intermittent
formed due to an interaction between the fire, the terrain an mps for the remainder of the simulation, as demonstrated
the atmosphere. by Fig.6a and b. The peak lateral rates of spread in the C25,

In the €25, C30, C40, C50, C60 and C70 simulations, thecz ‘40, 50, €60, C70, C80 and C90 simulations are fac-
fire advances several hundred metres beyond the ridge ling, < ;a8 96 66 13.3 11.6.5.9 3.5 and 1.9 times higher

ahnd gcr(;)ss t(?elwmdward slo%e. In c(cj)r(;trqst, flrr]e f/;l)_rgad ONhan in the equivalent non-coupled simulations. This erratic
the windward slope was not observed during the eVents,umber sequence arises due to the complex variation in the

in dthe 2003 Ca?bﬁrra bl(stTlﬁrdeﬁf,_r(arples er: a,l.Z_Oia. Tdhel effect of the two-way atmosphere—fire coupling on the lateral
advancement o t. € modetled fire qnto the windwar S.Opespread. The fire-to-atmosphere coupling is therefore shown
can be partly attributed to the fire-induced easterly winds

'to increase the lateral rate of spread, as further demonstrated

which d'evelop as an inflow tqwards the base of the p3_/r0'by comparing the coupled and non-coupled lateral rates of
convective updraft above the fire front. These easterly Wmdsspread shown in Fig

can dominate over the background westerly winds across The lateral fire spread occurs asymmetrically for each

the leeward and upper windward slopes, and therefore facily) g gimylation, resulting in differences between the peak

itate fire spread across the upper windward slope. In addl'southerly and northerly rates of spread. Most commonly, the

tion, the're IS curreqtly no red'uct|on n the rate 9f spreaq ,duepeak lateral rate of spread is highest towards the north (C25,

to negaﬂ_ve slopes_ n WRF-Fire, which contradicts emp|r|calc30, C50, C70 and C80), rather than towards the south (C40

data Weise and Biging1997). and C60), as shown in Fig. Given the identical and sym-
metric terrain and prescribed ignition used in each coupled
simulation, the asymmetry in the lateral fire spread must
originate from numerical instability in the WRF-Fire model,
caused by round-off error. The resulting asymmetries then
grow in magnitude due to the effects of atmosphere—fire
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Figure 7. Magnitude of the vorticity along th&unit vector directionw (s~1), and streamlines derived from tieand W component winds
along a vertical cross-section parallel to the ridge line, and through the leeward slope, at a(@n28{b) 30, (c) 32 and(d) 34 min for
the C25 simulation. The cross-sections are taken at a west—east distéade, @) 4000 andd) 3800 m, and the grey-filled region indicates
the height of the leeward slope along the cross-section.

coupling, and so are therefore associated with both the nuelose to the lateral flanks of the fire front, such as at 28 and
merical instability within the WRF-Fire model, and the dy- 32 min in the C25 simulation.
namical instability in VLS. Similar asymmetric fire spread  The horizontal and vertical grid spacing used in the WRF-
has been noted in the CAWFE model Glark et al.(2004). Fire model affects the resolution of the fire whirls, and there-
The occurrence and irregularity of the lateral fire spreadfore also the two-way atmosphere—fire coupling and resulting
across the leeward slope is attributable to the movement ofateral rate of spread. For example, the average lateral rates of
fire whirls across the flanks of the fire perimeter. The 3-D spread after ignition are 0.88 and 1.04 kntlin the C25 and
vorticity vector field is calculated in WRF-LES as the curl of C30 simulations, compared with lower values of 0.78, 0.71,
the 3-D wind field. The characteristics of the fire whirls driv- 0.61, 0.42, 0.22 and 0.13 knthin the C40, C50, C60, C70,
ing the initial lateral fire spread can be inferred for the C25C80 and C90 simulations. It is possible that using even finer
simulation from Figs5 and7. They show that the fire whirl  grid spacing in WRF-Fire could further increase the average
located over the northern flank of the fire is associated withand peak lateral rate of spread. However, the similarity in the
clockwise rotation about both theandz axes. Although not  peak and average lateral spread rates between the C25 and
shown, the fire whirl located over the southern flank is associ-C30 simulations suggests that a near-optimal resolution has
ated with anticlockwise rotation about theandz axes. The  been reached. In addition, it is difficult to complete a WRF-
circulating flow at the mid-flame height driving the lateral Fire simulation at higher resolution for an otherwise identical
fire spread is centred on the pyro-convectively driven verticalmodel configuration, due to the intense updrafts in the pyro-
circulation, seen as adjacent updrafts and downdrafts close toonvective plume.
the flanks of the fire perimeter in Fif. The vertical circula-
tions vary in size, location and intensity throughout the sim-
ulation as the fire front develops, but are frequently located
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The domain-aggregated total heat release rate, subsequentlz
referred to as the “power of the fire”, is shown for each cou- §’
pled simulation in Fig8. The power of the fire is highest
for the C30 simulation and lowest for the C90 simulation.
In general, the peak and average power values of the fire in-
crease as the horizontal and vertical grid spacing decrease
from 90 to 30 m. This increase in the power of the fire occurs
due to an increase in the fire area, and is therefore associate:
with the dynamic lateral fire spread. An increase in either o 5
the upslope or lateral rate of spread, relative to the equival'9ure 9- (a)Resolved turbulent kinetic energy, TKE fr?), and

lent non-coupled simulation, therefore results in an increaséb) potential temperaturé, (K), averaged from 20 to 120 min, along

. . ) vertical cross- ion through th ntre of the WRF-Fire model
in the power of the fire. The power of the fire can decrease. "< tical cross-section through the centre of the e mode

. - N domain for the C25 simulation.
when there is insufficient ignition of fuel to replace the mass
loss, due to the parameterised combustion in SFIRE of fuel
that has previously been ignited.

For those simulations in which VLS occurs, the laterally pyro-convective plume relative to the ground. The combina-
advancing fire fronts become the dominant contributor to thetion of a tilted and intense pyro-convective plume and highly
power of the fire once the upslope fire spread stage has conurbulent near-fire and downwind atmospheric dynamics pro-
cluded. This supports the observation that VLS is accompavides favourable conditions for spotting. This result gener-
nied by intense pyro-convectio®ljarples et al2012 due  ally supports the hypothesis, presented Siyarples et al.
to the rapid ignition of fuel on the leeward slope. The re- (2012, that extensive downwind spotting played a critical
solved mean kinetic energy of the turbulent portion of the at-role in the downwind extension of the active flaming re-
mospheric flow, hereafter referred to as the turbulent kineticgion seen in VLS events during the 2003 Canberra bush-
energy (TKE), is calculated for each WRF-LES model grid fires. However, WRF-Fire does not currently include a mid-
cell from the time of ignition to the end of the simulation, to long-range spotting model, so therefore cannot be used to
and is shown for the C25 simulation in Figa. In the cou- test this theory explicitly.
pled simulations, the heat release rate during the upslope and The heat released from the fire also directly affects the
lateral fire spread is sufficient for the near-fire and downwindnear-fire and downwind atmospheric potential temperature,
atmospheric dynamics to be dominated by pyro-convectionwhich is shown for the C25 simulation in Fi@b. The
For example, the peak TKE values for the C25 and N25 sim-time-averaged potential temperature peaks at 319K, directly
ulations are 196.0 and 6.6 2. In the C25 simulation, above the ridge line, compared with the background tempera-
the TKE is high, indicating highly variable winds, over the ture of 300 K up to a height of 4 km. Although potential tem-
leeward slope and in the pyro-convective plume extendingperature anomalies greater than 1 K extend downwind from
downwind from the ridge. the leeward slope, they are not in contact with the flat ter-

Simpson et al(2013 andSharples et a[20133 have pre-  rain. The pyro-convective plume in the coupled simulations
viously demonstrated that the background winds can tilt thewould not contribute towards fuel pre-drying downwind of

1000 2000
ol b bl

0

o

2000 4000 6000
West-East Distance (m)
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the leeward slope, as the air is sufficiently buoyant to risebe possible to reconcile the fire whirl characteristics in VLS
away from the surface. The potential temperature anomaliebetter with current knowledge of vorticity in wildland fires
are more spatially confined than the fire-induced atmospheri¢Forthofer and Goodrigk2011) using WRF-Fire model out-
turbulence, and are therefore not a good proxy measure of thput at sub-minute intervals, which is planned in future work.
spatial extent of the pyro-convective plume. A number of environmental conditions need to be satisfied
in order for VLS to occurSharples et al(20133 demon-
strated the existence of a threshold in the background wind
4 Conclusions speed for VLS using the WRF-Fire mod&harples et al.
(2012 found that there were thresholds in the terrain slope
The WRF-Fire simulations presented in this study demon-and wind direction relative to the terrain aspect for VLS
strate that both high spatial resolution and two-way events in the 2003 Canberra bushfires. Further research is
atmosphere—fire coupling are required for WRF-Fire toneeded to explore the sensitivity of VLS to additional aspects
model VLS on a steep leeward slope, which is consistent withof the fire environment from within the WRF-Fire model
the results presented I8impson et al(2013 andSharples  framework, including the fuel type, the terrain slope and the
et al. (20133. VLS did not occur in the non-coupled sim- background wind speed and direction. An improved under-
ulations, regardless of spatial resolution, whereas VLS ocstanding of these environmental thresholds will facilitate im-
curred in most of the coupled simulations, aside from in theproved operational predictability of VLS. The results pre-
C90 simulation. This suggests that a horizontal and verti-sented in this study ensure that WRF-Fire will be used at
cal grid spacing of 80 m or lower is required to model VLS. sufficiently high resolution in these future sensitivity studies.
However, given the sensitivity of the peak and average lateral WRF-Fire is one of a small number of fire spread models
rates of spread to the horizontal and vertical grid spacing, wecapable of directly modelling the two-way coupled interac-
suggest that a grid spacing of 30 m or lower is optimal for tions between a wildland fire and the atmosphere. This and
modelling VLS with WRF-Fire. Given the recent study by other recent studiesS{mpson et aJ.2013 Sharples et al.
Mirocha et al.(2010, it would be useful to investigate the 20133 have shown that WRF-Fire operates at a spatial and
effect of varying the vertical-to-horizontal grid spacing ra- temporal scale well suited for modelling VLS. However,
tio on resolving VLS. It may also be possible to use vertical WRF-Fire has several limitations that will be addressed in fu-
stretching of the sigma vertical levels to improve computa-ture work to facilitate an improved numerical investigation of
tional performance. VLS. For example, the semi-empirical Rothermel fire spread
Inclusion of the fire-to-atmosphere coupling increased themodel Rothermel 1972 likely oversimplifies the dynamic
peak upslope and lateral rate of spread by maximum facinteractions between the fire spread and atmosphere involved
tors of 2.7 and 9.5 relative to the equivalent non-coupledin VLS. In addition, WRF-Fire does not currently have ei-
simulation. The peak and average upslope and lateral ratther a spotting or crown fire model, such as those found in
of spread typically decreased as the horizontal and verti-other fire spread models, such as FARSIFB(ey, 1998. A
cal grid spacing increased. For those coupled simulations irspotting model will be implemented in future work to investi-
which VLS occurred, the laterally advancing fire fronts on gate the apparent role of spotting in the downwind extension
the leeward slope become the dominant contributor to theof the active flaming region seen in VLS events during the
power of the fire. As suggested ISharples et al(2012, 2003 Canberra bushfires.
the lateral fire spread is therefore associated with intense lo-
cal pyro-convection. The tilting of the pyro-convective plume
by the background winds, in addition to the highly turbu-
lent near-fire and downwind atmospheric dynamics, provide
favourable conditions for spotting downwind of the leeward
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