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Abstract

+ Key message The collective analysis of a relatively large number of wildfire observations documented in conifer forests,
dry eucalypt forests and temperate shrublands revealed that the forward rate of fire spread is roughly 10% of the average
10-m open wind speed, provided both are expressed in the same units (e.g. km h™").

« Context Knowledge of a wildfire’s forward spread rate is a prerequisite for defining adequate fire suppression strategies and to
ensure timely public warnings.

- Aims We wanted to investigate the possibility that a simple relationship exists that could be used as a first approximation for
quickly estimating a wildfire’s spread rate simply from the open wind speed alone.

« Methods We analysed data from a number of high-intensity wildfire observations (n = 118) documented in temperate
shrublands, Australian dry eucalypt forests and North American conifer forests to examine the suitability and soundness of a
relationship between wind speed and rate of fire spread. We also contrasted the performance of the best function against
established fire spread rate models for the three fuel types.

* Results The resulting rule of thumb is that the forward rate of spread of wildfires burning in forests and shrublands in relatively
dry conditions is approximately equal to 10% of the average 10-m open wind speed, where both values are expressed in the same
units.

+ Conclusion The rule of thumb gives the most accurate results for dry fuel and high wind speed conditions with reduced bias and
mean relative errors lower than 50%. Under these conditions, the error statistics are comparable to those obtained by the
established fire spread rate models. The rule is not applicable to grasslands.

Keywords Conifer forest - Crown fire - Dry eucalypt forest - Fine dead fuel moisture content - Fire behaviour - Temperate
shrubland

1 Introduction

Free-burning wildland fires are a determinant feature of the
Earth system. Under favourable burning conditions, a random
ignition can result in a fast-spreading, high-intensity wildfire
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causing widespread damage to human values (Harris et al.
2012) and ecosystem components (Scott et al. 2014). In such
situations, effective suppression of the head fire region is im-
possible and outright dangerous for firefighter resources
(Alexander and Thorburn 2015). The key to mitigating the
threat that wildfires pose to the personal safety of people is
to be able to gauge their potential speed and direction across
the landscape (Cruz et al. 2015) and to use this information to
release timely and effective public warnings and evacuation
orders (Cova et al. 2005; Alexander et al. 2017; Neale and
May 2018).

Mathematical models and quantitative methods to predict
wildland fire behaviour on an operational basis have been
under development since the 1960s (McArthur 1967;
Rothermel 1972; Van Wagner 1973; Albini 1976). The
models and methods have evolved over the years, namely
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with the development of complex spatial fire growth simula-
tors such as FARSITE (Finney 2004), Prometheus (Tymstra
et al. 2010), Phoenix (Tolhurst et al. 2008) and Spark (Miller
etal. 2015). These simulators take into account the description
of model inputs (e.g. wind speed, fuel moisture, fuel type,
slope steepness) as they vary across the landscape and can
reduce the time taken to produce a detailed fire growth simu-
lation when compared to manual methods involving graphs,
tables and software applications (Rothermel 1983, 1991;
Andrews et al. 2008; Plucinski et al. 2017; Taylor and
Alexander 2018; Monedero et al. 2019).

Independent of the method used (i.e. manual drawing of fire
spread vectors on a map vs. a computer-automated fire growth
projection) and an agency’s investment in a trained cadre of fire
behaviour analysts, there will be numerous instances, as alluded
to above, where fires will escape initial attack and immediately
threaten down-wind communities (Kissane 2010; Ramsey et al.
2012; Hawley et al. 2017; Nauslar et al. 2018). In such cases,
there will typically be little time available for local resources to
undertake a detailed prediction of fire spread and direction. Yet,
an incident commander or fire controller still needs to be able to
make quick and timely decisions in regard to the issuance of
warnings to wildland firefighters and members of the general
public in potentially affected communities (Cova et al. 2009).

For such wildfire emergencies, users require uncomplicated
and quick-to-use rules (e.g. Butler and Cohen 1998; Cruz and
Alexander 2014) or guidelines (e.g. Alexander and Fogarty
2002; Sharples et al. 2009). The use of fire behaviour rules of
thumb has been a common practice in wildland fire manage-
ment for many years now (e.g. Mitchell 1937; Amold 1962;
Chandler et al. 1983, p. 115; Terry 1993; Heikkil4 et al. 2010;
Jandt and Miller 2015). “Crossover”, for example, is a common
fire behaviour rule of thumb used primarily in the boreal forest
regions of Canada for identifying the threshold conditions for
extreme fire behaviour. It occurs when the relative humidity is
equal to or lower than the ambient air temperature in degrees
Celsius (Janz 1989; Lawson and Armitage 2008). The “30-30-
30” rule of thumb (i.e. situations where three conditions are
met: ambient air temperature >30 °C, relative humidity <
30% and open wind speed >30 km h™") is increasingly being
used around the world as an indicator of extreme fire behaviour
potential (Steffens 2016). Sauvagnargues-Lesage et al. (2001)
and Filippi et al. (2014) refer to the “three per cent model” used
by firefighters in Southern France, indicating the spread rate of
a fire to be 3% of the open wind speed.

By nature, a rule of thumb is a broadly applicable guide or
principle based on experience or practice rather than theory.
Rules of thumb can help guide decision-making when prob-
lems are too complex for a truly analytical solution in the time
that is available (Kahneman 2011). Rules of thumb are cer-
tainly needed for the assessment of the potential for a wildfire
to spread into peri-urban areas so that public safety messages
and evacuation orders can be issued in a timely manner. The
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events associated with the 2009 Black Saturday fires in
Victoria, Australia (Teague et al. 2010), are but one example
of where a large number of random ignitions and rapid fire
development very quickly overcame the capability of fire con-
trol and emergency service agencies to predict fire propaga-
tion and help keep local communities safe.

Analyses of experimental fire and wildfire data have shown
wind speed to be the environmental variable that leads to the
most significant changes in the rate of fire spread and intensity
(Burrows 1994; Cheney et al. 1998, 2012). The effect of wind
speed on the spread rate of a flame front is complex, integrat-
ing several interactions involving fuelbed characteristics, the
vertical wind speed and gustiness profiles, and the energy
output of the fire itself. Exploratory analysis of wildfire case
study data carried out by Pimont et al. (2017), for example,
suggests that under certain conditions, the rate of fire spread
might be explained in large part by wind speed alone.

In the present paper, we investigate the possible existence
and validity of a simple and scientifically credible rule of
thumb for judging the effect of the 10-m open wind speed, a
World Meteorological Organization (2008) standard for
conducting surface wind measurements, on the spread rate
of high-intensity wildfires in fire-prone forest and shrubland
environments.

2 Methods

We relied on published wildfire case study data for our anal-
ysis. Alexander and Cruz (2006), Cheney et al. (2012) and
Anderson et al. (2015) provide wildfire datasets used in the
evaluation of their fire spread rate models, namely for crown
fires in North America conifer forests, Australian dry eucalypt
forests and temperate shrublands, respectively (Table 1).
These compiled datasets are for the most part based on pub-
lished wildfire case studies and include some of the most
notorious wildfire events documented to date (e.g. Kiil and
Grigel 1969; Simard et al. 1983; Cruz et al. 2012). The
datasets include information on fuels, weather (10-m open
wind speed, ambient air temperature, relative humidity), du-
ration of the fire run(s) and the associated rate of fire spread on
level or undulating topography. The duration of the fire runs
was typically of the order of 1 h to 3 h. Fuel characteristics
were nominally estimated from relevant studies, namely using
time since fire as a proxy of fuel accumulation (e.g. Cheney
et al. 2012) and assigning canopy bulk density values based
on conifer forest fuel type (Alexander and Cruz 2006). Data in
Cheney et al. (2012) and Anderson et al. (2015) also include a
reliability score that ranks the reliability of the fuel, weather
and fire behaviour data. For further detail, we recommend
readers to consult the list of references in the aforementioned
publications for the original wildfire data sources.
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Table 1 Data summary by broad

fuel type Fuel type n Upo (kmh™) MC" (%) R(kmh™) Reference for the data source
Conifer forests® 57 12-51 5-11 0.64-6.4 Alexander and Cruz (2006)
Dry eucalypt forests 29 10-95 3-10 0.63-10.5 Cheney et al. (2012)
Temperate shrublands 32 5-54 3-18 0.29-6.0 Anderson et al. (2015)

n is the sample size, U, is the 10-m open wind speed, MC is the fine dead fuel moisture content and R is the

forward rate of fire spread

! Estimated by fuel type—specific models as detailed in the data source publications

21t is assumed that all the wildfires exhibited a fully developed crowning type of fire behaviour

Linear regression analysis through ordinary least squares
was used to establish a reference relationship between the
forward rate of fire spread (R, km h™') and the 10-m open
wind speed (U;o, km h™"). These results formed the basis for
establishing a rule of thumb. Metrics such as the mean abso-
Iute error (MAE), the mean bias error (MBE) and the mean
absolute percentage error (MAPE) were used to quantify the
error (Willmott 1982; Mayer and Butler 1993; Cruz and
Alexander 2013) associated with the proposed rule of thumb.
We then contrasted the error statistics obtained with the rule of
thumb with the statistics obtained with the fuel type—specific
rate of fire spread models—i.e. Cruz et al. (2005) for the
conifer forest crown fire data, Cheney et al. (2012) for the
dry eucalypt forest data and Anderson et al. (2015) for the
temperate shrubland data.

3 Results

Linear regression analysis (forced through the origin) of wind
speed on the rate of fire spread, considering all data together,
yielded a slope coefficient of 0.082 (p < 0.0001). Such a mod-
el resulted in a MAE 0f 0.95 kmh™' and a MAPE of 55%. The
slope coefficient determined by dataset source was 0.084 (p <
0.0001), 0.081 (» < 0.0001) and 0.080 (p < 0.0001), for coni-
fer forests, eucalypt forests and temperate shrublands, respec-
tively. The consistency of these results suggests the rate of fire
spread to be about 8% of the wind speed, independent of the
fuel type. Because the calculation of 8% of a wind speed does
not lend itself readily to mental arithmetic, we tested the use of
a 10% value (Fig. 1). The 10% wind speed rule of thumb (i.e.
the forward rate of fire spread is 10% of the average wind
speed) resulted in a MAE of 1.11 km hfl, a MBE of
0.53 km h ™! and a MAPE of 74% (Fig. 2). What is relevant
to such a simplistic model is not the overall error, but how the
error is distributed, as the rule of thumb would be most rele-
vant at the more extreme or severe end of the fire environment
spectrum (i.e. dry fuels and high wind conditions) where the
urgency of the situation requires swift decisions.

Figure 3a, b shows the variation of MBE and MAPE by
rate of fire spread class (0 to 1.0, 1.0 to 2.0, etc.). For rates of
fire spread between 1.0 and 6.0 km hfl, the class MBE varies

between 1.0 and — 1.0 km h™". This consistency of the class
MBE, while the magnitude of the rate of fire spread increases,
results in a notable decay in the MAPE (Fig. 3b). Noteworthy
in Fig. 3a is the magnitude of the error for the three fastest
spreading fires in dry eucalypt forests (MBE = —3.5kmh™").
Although the error is large, its relative magnitude is accept-
able, with the MAPE varying between 33 and 39%. The two
data points with the highest spread rate (i.e. 10 km h™' and
10.5 km h™") were related to the effect of the post-frontal
weather change on fire spread during the 1983 Ash
Wednesday fires in Victoria, Australia (Rawson et al. 1983).

The analysis of the MBE and percent residual with fine
dead fuel moisture class shows the rule of thumb to work best
for dry fuels. The MBE varied within the = 0.5 km h™' range
for fine dead fuel moisture levels <7.5% (Fig. 3c) but in-
creased to about 1 km h™' for fuel moistures above 10%.
MAPE increased moderately with wind speeds up to a 50—
60 km h™! class, after which there was a sharp increase in the
average residual. This increase is based on a few data points:
the above-mentioned errors associated with a post-frontal
change in fire dynamics during the 1983 Ash Wednesday
conflagrations and two other wildfire runs in dry eucalypt
forests burning under the influence of very high wind speeds
(i.e. 75 km h™' to 95 km h™") but relatively high moisture
conditions (Buckley 1992), resulting in relatively low rates
of fire spread (2.3 km h™" to 3.8 km h™") for the prevailing
wind speeds.

From the results above, we categorised the rule of thumb
error statistics by considering a matrix with four sets of burn-
ing conditions: low (<7.5%) vs. high (> 7.5%) fine dead fuel
moisture content, and moderate (<30 km h™") vs. high (>
30 km h™") wind speeds (Fig. 4). In this respect, we see the
MBE and MAPE to be reduced in the dry fuel conditions,
irrespective of the associated wind speeds. For these condi-
tions, the MBE varies between 0.16 and 0.22 km h_l, and the
MAPE varies between 42 and 54%. The highest errors obtain-
ed by the rule of thumb occur for the high fuel moisture/
moderate wind speed combination. This condition is associat-
ed with the lowest average R (1.05 km h™"), the MAPE and
MBE being 122% and 0.93 km h™", respectively.

Table 2 provides the fit statistics when one applies fuel
type—specific fire spread models to the three datasets used
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Fig. 1 Scatterplot of the rate of
fire spread vs. 10-m open wind
speed for wildfires in conifer for-
ests (Alexander and Cruz 2006),
dry eucalypt forests (Cheney et al.
2012) and temperate shrublands
(Anderson et al. 2015)

Fig. 2 Observed wildfire rates of
spread vs. predictions by the 10%
wind speed rule of thumb for
conifer forests (data from
Alexander and Cruz 2006), dry
eucalypt forests (data from
Cheney et al. 2012) and temperate
shrublands (data from Anderson
et al. 2015). The dashed lines
around the line of perfect agree-
ment indicate the +35% error in-
terval as per Cruz and Alexander
(2013)
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in developing the rule of thumb. In this analysis, the
models are being evaluated against independent data (i.e.
the wildfire data not used in their development), whereas
for comparative purposes, it should be noted that the rule
of thumb was informed, but not strictly fitted, by this
data. Overall, bias and percent error were consistent for
the conifer and dry eucalypt forest datasets, with a MBE
of 0.4 km h™' and a MAPE just above 50%. The error was
lower for the temperate shrubland dataset, with a MBE of
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10-m open wind speed class (10 km h™" interval). The number of obser-
vations per interval is given by n

0.1 km h™" and a MAPE of 33%. Although these overall
errors are lower than those obtained by the rule of thumb
for the whole dataset, they are comparable to the rule
errors for the low fuel moisture content situations. When
contrasting the error statistics obtained with the rate of
fire spread models and the rule of thumb by broad burn-
ing conditions, it is evident that the results are comparable
to the low fuel moisture conditions (Fig. 5), with the MBE
being substantially lower for the rule of thumb.
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Fig. 4 Variation in the mean A . . .
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4 Discussion

Our analysis of published wildfire rate of spread data in forest
and temperate shrubland fuel types revealed a simple rule of
thumb to estimate the forward rate of fire spread (being ap-
proximately 10% of U,q) with acceptable accuracy based on
contrasting the error statistics with those from published fire
spread model evaluation studies (Cruz and Alexander 2013).
The rule of thumb assumes that both wind speed and rate of
fire spread are expressed in the same units. Too often people
trust rules of thumb as if they were certainties and fail to
recognise when they should make an independent analytical
decision. One should know enough about why a rule of thumb
works to be able to predict when it will fail (Scott et al. 2014,
p. 364).

The rule of thumb produced the lowest relative error for
low fine dead fuel moisture content (i.e. MC < 7.5%) situa-
tions, with MAPE values varying between 54% for moderate
wind speeds (i.e. Ujo < 30 km h™") and 42% for high wind
speeds (i.e. Uj9> 30 km h™'). These will typically characterise
the environment associated with peak burning conditions. For
such situations, the error statistics obtained by the rule of
thumb were comparable with those obtained using fuel
type—specific fire spread rate models. These results suggest
that the rule of thumb works best for cases when it might be
required. The rule of thumb performed poorly for higher fuel

10-m open wind speed (km h")

moisture content conditions (i.e. MC > 7.5%). In these situa-
tions, the errors statistics obtained for the rule of thumb were
substantially higher than the ones obtained for the fire spread
rate models.

These results can be somewhat counterintuitive, as it is
commonly postulated (Rothermel 1991) that under the most
severe fire weather situations (i.e. under critically dry fuel
conditions and strong winds), wildfires can attain a level of
fire behaviour that is unpredictable due to the high energy
release rates and fire-atmosphere interactions (Werth et al.
2016). In such cases, errors obtained by the rule of thumb or
fire spread rate models should be higher. However, this is not
the case as the bias and relative error, expressed by the MBE
and MAPE, respectively, are, in fact, smaller for the severe
burning conditions. One possible explanation is that as the
burning conditions shift towards the more severe side of the
fire behaviour spectrum and the energy released increases, the
overwhelming radiative and convective energy transfer fluxes
reduce the influence that fuel characteristics and moisture con-
tent exert on the fire propagation processes. As the number of
influential variables is reduced, presumably the predictability
of the fire spread rate increases.

Our analysis used data from a broad range of fuel complex
structures, namely temperate shrublands characterised by high
fuel availability and relatively low fuelbed height (<2 m),
North America conifer forests with a broad range of surface

Table 2 Error statistics associated

with the prediction of wildfire Fuel type MAE (kmh™") MAPE (%) MBE (km h™") Reference for the model
data by the fuel type—specific rate
of fire spread models Conifer forests' 0.89 52 04 Cruz et al. (2005)
Dry eucalypt forests 1.58 54 04 Cheney et al. (2012)
Temperate shrublands 0.55 33 0.1 Anderson et al. (2015)

MAE mean absolute error, MAPE mean absolute percentage error, MBE mean bias error

"It is assumed that all the wildfires exhibited a fully developed crowning type of fire behaviour
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Fig. 5 Comparison of model fit
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fuel and canopy structures and Australian dry eucalypt forests
characterised by their open structure and low canopy bulk den-
sities. The results suggest that wind speed largely determines
fire spread rates under dry fuel moisture conditions, irrespective
of the fuel complex structure. These results are surprising not
only because of the differences in fuel characteristics but also
the mechanisms dominating the fire propagation process. In
particular, fire propagation in dry eucalypt forests under low
fuel moisture conditions is known to be largely influenced by
the transport of firebrands and subsequent ignition of spot fire
ignitions ahead of the main flame front (McArthur 1967,
Cheney and Bary 1969). Although spotting behaviour is inher-
ent to the fire spread rates in the three wildfire databases used in
our analysis, the firebrand densities and travel distances ob-
served in dry eucalypt forests are typically much greater (e.g.
Hodgson 1968; Albini et al. 2012).

Spotting is a complex, multivariate process influenced by
the fuel type (determining firebrand types and quantities), fuel
moisture (controlling ignition probability), fire size and inten-
sity (determining overall firebrand number, plume height and
firebrand lofting height) and wind speed, namely its variation
within the vertical profile of the atmosphere and its effect on
firebrand horizontal travel distances (Koo et al. 2010; Albini
et al. 2012; Martin and Hillen 2016). Under high wind and
low fuel moisture conditions, spotting is expected to be pres-
ent and strongly influences the overall fire propagation (Albini

et al. 2012). Our analysis shows that wind speed alone is able
to explain the variability in observed wildfire rates of fire
spread to levels comparable to those observed in outdoor ex-
perimental fires—i.e. negligible bias, 40% < MAPE < 50%
(Cruz and Alexander 2013). This dominant role played by
wind speed emphasizes the importance of its accurate fore-
casting in the fire behaviour prediction process.

Care should be exercised in applying the rule of thumb to
situations in which a weather change leads to a drastic change
in wind speed and direction as observed with frontal passages
over a fire, a somewhat common occurrence in south-castern
Australia during periods of extreme fire potential (McArthur
1967; Australian Bureau of Meteorology 1984). This process
converts a fire’s eastern flank into a broad head fire and concur-
rently deposits numerous firebrands downwind in a north-
easterly direction (Luke and McArthur 1978, p. 90), leading to
alarge increase in the burned area in a short time period. In such a
situation, the overall movement of the flame front is largely a
function of spot fires coalescing over a broad area, typically
extending out over 5 km to 12 km, instead of the movement of
a single flame front driven by the prevailing wind (McArthur
1967). This type of event is responsible for more than half of
the documented fire-caused human fatalities in Australia
(Blanchi et al. 2014), and in particular, those associated with
the 1983 Ash Wednesday fires (Keeves and Douglas 1983;
Rawson et al. 1983) and the 2009 Black Saturday fires (Teague
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et al. 2010) in southeastern Australia. The rule of thumb under-
predicted by about 33% the two post-frontal change fires in the
dry eucalypt forest fuel types used in the analysis. The particular
concern about the use of the rule of thumb in these scenarios is
not the relative error, which is somewhat acceptable, but its in-
dependence relative to the post-frontal wind speed, which makes
the rule of thumb incapable of accurately capturing the extent of
the post-frontal change in wildfire activity.

An obvious question is how well does the rule of thumb
perform in fuel types distinctly different from the ones de-
scribed in the methods and results. An analysis of wildfire
data in Australian grasslands characterised by low dead fuel
moisture contents (averaging 3.5%) published by Cheney
et al. (1998) (n = 23) suggests an average R/Uj, ratio of
0.25 (i.e. the forward rate of fire spread is approximately one
quarter of the Up). Given such a large deviation, the 10%
wind speed rule of thumb as developed here should not be
applied to open grasslands.

One might also ask how applicable is the rule of thumb in
estimating R in disease or insect-killed stands, a particularly im-
portant fire management issue in western North America (Page
etal. 2015). Perrakis et al. (2014) showed that wildfires in the red
stage of mountain pine beetle (MPB) (Dendroctonus ponderosae
Hopkins) affected lodgepole pine (Pinus contorta Dougl. var.
latifolia Engelm.) forests in British Columbia, Canada, to prop-
agate 2.7 times faster than predicted by fire spread models for
healthy stands. Analysis of the wildfire rate of spread data com-
piled by Perrakis et al. (2014) (n = 14; mean R = 1.4 km h™")
suggests an average R/Uj ratio of 0.12. The application of the
10% wind speed rule of thumb to this data resulted in a MAPE of
42% and aMBE of —0.21 kmh™'. Of the 14 wildfires, the rule of
thumb under-predicted eight and over-predicted six, an almost
equal partition. The data given in Perrakis et al. (2014) were in
the high MC—moderate wind speed category. The performance
of the rule of thumb in relation to these wildfires was better than
that obtained against the main dataset, suggesting that at least for
similar burning conditions, the rule of thumb is applicable to
MPB-affected lodgepole pine forests in the red stage.

The use of the rule of thumb is acceptable not only for fires
spreading on level to gently undulating topography but may also
apply in cases of fires advancing across drainages with alternat-
ing upslope and downslope runs (e.g. Anderson 1968). As fire
increases in size and spreads across multiple drainages, the surg-
ing (during upslope runs) and stalling (during downslope runs)
are commonly assumed to average out to a flat ground condition
(Rothermel 1991; Sullivan et al. 2014). The suitability of the rule
of thumb in purely upslope or downslope fire runs is question-
able, remains untested in our work and should be avoided.

The use of the rule of thumb requires the knowledge of the
10-m open wind speed. This wind speed is typically measured
in the open (i.e. not being influenced by vegetation or man-
made structures) and is averaged over a 10-min time interval
(Lawson and Armitage 2008). In a forecasting sense, the rule
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of thumb should be used with the forecasted wind speed. In
areas where the forecasted wind speed is not given at a 10-m
open height, a correction can be applied. For example, it is
customary to report wind speed for fire management applica-
tions in the USA at a height of 6.1 m in the open (Andrews
2012). A conversion for this wind speed into the 10-m one
would require multiplying the former by 1.15 (Lawson and
Armitage 2008). In the absence of forecasted wind speed and
direction, the rule of thumb could be used with locally mea-
sured wind conditions. In cases where representative weather
stations are not available, the use of a wind speed measured at
an approximate eye-level height, as commonly used in fire
operations, will require corrections for the vertical wind pro-
file, taking into account the surrounding vegetation and loca-
tion on the landscape (Rothermel 1983). The Beaufort wind
scale (List 1951, p. 119) could also be used to estimate Uj.

In practice, it is envisioned that an end-user would typically
plot a fire spread direction arrow(s) on a map aligned in the
direction of the prevailing wind (Rothermel 1983, 1991,
Alexander and Fogarty 2002; Taylor and Alexander 2018).
The length of the arrow, representing the fire’s forward spread
distance, would be dictated by the projected rate of spread and
the duration of the run. The shape and size of the fire could, in
some cases, also be displayed, provided the wind direction
remains relatively constant. A wind-driven fire typically adopts
a roughly elliptical shape as defined by its length-to-breadth
(L:B) ratio (Alexander and Cruz 2014). The L:B ratio is, in
turn, a function of the wind speed (Taylor and Alexander 2018).

Comparison of the 10% wind speed rule of thumb against
wildfire data showed that although the rule of thumb has value
as a first approximation of a fire’s forward rate of spread under
dry fuel conditions, irrespective of the forest or shrubland
type, its use in higher, or marginal, fuel moisture conditions
can lead to notable over-prediction bias. Although it is well
understood that under-predictions can result in disastrous out-
comes (Cheney 1981), over-predictions or the cautionary ap-
proach to inflate the level of risk as a safety precaution can
lead to “warning fatigue” (Mackie 2013). Warning fatigue, or
the “cry wolf syndrome”, can result in general mistrust of
potentially life-saving future warnings.

The errors produced by the application of the rule of thumb
against the wildfire data can be considered acceptable, given
(1) the uncertainty in the wildfire data, namely related to the
representativeness of weather data due to the distance between
the weather station and the fire, and relative to the infrequent
and opportunistic nature of fire behaviour observations, and
(2) the error inherent to the prediction of fire spread associated
with models that are simplified representations of a physical
process (Alexander and Cruz 2013). Cruz and Alexander
(2013) compiled the statistics from published fire spread mod-
el evaluation studies and came to the conclusion that an error
within a +35% interval around the observation would consti-
tute a reasonable standard for these models. The rule of thumb



Annals of Forest Science (2019) 76: 44

Page 9 of 11 44

predicted close to this threshold for the low MC fires. Despite
this adequacy, it should be noted that within each fire behav-
iour forecast scenario, the most accurate method to produce a
fire spread prediction will be to use the most appropriate
models for the situation, combined with situational awareness
and direct observations of fire activity in the preceding time
periods (Alexander and Cruz 2013).

5 Conclusions

We conducted an analysis of a large number of wildfire rate of
spread observations documented in conifer forests, eucalypt for-
ests and temperate shrublands to investigate the suitability of a
simple rule of thumb that provides a first approximation of the
rate of fire spread from wind speed alone. The analysis revealed
the forward rate of fire spread to be roughly 10% of the average
10-m open wind speed, provided both are expressed in the same
units (e.g. km h™"). This rule of thumb gives the most accurate
results for dry fuel and high wind speed conditions with reduced
bias and mean relative errors lower than 50%. Under these con-
ditions, the error statistics are comparable to those obtained by
fire spread rate models. The rule is not applicable to grasslands,
but it was shown to work adequately for wildfires burning in
some insect-killed forests. The rule of thumb is deemed applica-
ble to fires spreading on level to undulating topography or across
drainages with alternating upslope and downslope runs.
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