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Abstract This paper describes the development of a
logistic model to predict the probability of surface fire
spread in Brazilian rainforest fuels from outdoor experi-
mental measurements. Surface fires spread over litter
composed mostly of dead leaves and twigs. There were 72
individual outdoor experiments in eighteen sites. The fire
propagated in 49% of the experiments. In each experiment,
the litter height, litter temperature, unburned litter mass,
wet and dry litter mass, soil temperature, wet and dry soil
mass, ambient wind velocity, ambient air temperature,
ambient air relative humidity and duration of fire spread
were measured. Using these data, the rate of fire spread,
litter bulk density, litter and soil moisture content, litter
load and litter residue fraction were determined. For the
sake of analysis, experimental results were classified into
two groups: one for which the fire propagated and the other
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one for which the fire self-extinguished. Analyses of a
logistic regression model showed that the relevant param-
eters for fire propagation are litter height and litter moisture
content. Concerning the probability of successful fire
propagation, the model showed a true positive rate of 71%
and a true negative rate of 84%. The outdoor experiments
also served to gather data to improve the understanding of
surface fires and to provide input data for future computer
simulations.

Keywords Surface fire - Brazilian rainforest -
Flammability - Logistic regression model

List of symbols

A Area of the frame used to determine litter mass,
litter height and soil mass for measurement (mz)

AT Ambient air temperature (°C)

DLM Dry litter mass (g)

DSM  Dry soil mass (g)

i Auxiliary variable [-]

LBD Litter bulk density (kg m™>)

LH Litter height (cm)

LL Litter load (kg m?)

LMC Litter moisture content [—]

LRF  Litter residue fraction [—]

LT Litter temperature (°C)

m Vegetation, soil or residue mass (g)

n Number of values of a variable [—]

Pr Probability associated with the logistic regression
model [-]

RH Ambient air relative humidity [-]
ROS  Rate of spread (cm min~")

SMC  Soil moisture content [—]

ST Soil temperature (°C)

u Standard uncertainty [variable]
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\% Volume (m®)

X Mean of a variable list of values [variable]

X Value of a variable [variable]

p Coefficients in the logistic equation []

Ad Distance travelled by the fire, measured between
two thermocouples (cm)

ALM Difference between wet and dry litter masses (g)

ASM Difference between wet and dry soil masses (g)

At Elapsed time for the fire travelled distance (s)

0 Independent variables in the logistic equation

[variable]

o Standard deviation [variable]

Subscripts

c Combined

dry Dry vegetation or soil (zero moisture
content)

litter Vegetation litter, composed mostly of
dead leaves and twigs

propagated Indicates that the fire propagated and
reached a perimeter thermocouple

residue Vegetation residue from the litter

burning, including leaves and twigs
char and unburned material

Indicates that the fire self-extinguished
before reaching a perimeter

self-extinguished

thermocouple
soil Soil material
wet Wet vegetation or soil

Introduction

The Amazon is a tropical rainforest stretching over the
basin of the Amazon River, a vast natural tropical region of
about 6.74 million km?, which spans seven countries:
Bolivia, Brazil, Colombia, Ecuador, Guyana, Peru and
Venezuela. About 60% of this biome belongs to Brazil. If
this rainforest were a country, it would be the seventh
largest in the world (WWEF-BRASIL 2015).

Major threats to the sustainability of the Amazon forest
continue to be the persistent high rates of deforestation,
ecosystem degradation and increasing occurrence of forest
fires (Malhi et al. 2008; Cochrane and Laurance 2008;
Alencar et al. 2015). Low intensity and slow-moving surface
fires are the most common type in moist tropical forests
(Cochrane et al. 1999; Carvalho et al. 2010). Nevertheless,
surface fire can be devastating for the ecosystem due to the
low resilience of tropical forests. Despite the global impor-
tance of tropical fires, little is known on the physics that
controls its propagation (Bufacchi et al. 2016). To improve
our understanding, we need laboratory and field
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experiments. However, field experiments can be complex,
expensive or even prohibitive. Regrettably, in outdoor fire
experiments, only a modest number of dependent variables
may be controlled. To improve the means and tools for a
more comprehensive investigation on fire propagation,
computational numerical models are being developed or
improved (Morvan and Dupuy 2001, 2004; Mell et al.
2007, 2009). Regardless of their complexity, numerical
models require validation against experiments performed
under suitably analogous conditions.

Laboratory and field experiments can provide reliable input
data for numerical simulations. Examples of such experiments
are the ones performed in France by Morandini et al. (2006),
Santoni et al. (2006) and Silvani and Morandini (2009) in tall
and dense Mediterranean shrubs and those performed in the
USA in wild grasses of southern Texas by Clements et al.
(2007). These ecosystems and vegetation types, however,
largely differ from those found in the Brazilian rainforest.

Research groups from Brazil and elsewhere have con-
ducted field fires experiments in this tropical forest. Carvalho
et al. (1995, 2001) and Aradjo et al. (1999) determined car-
bon mass balance, air temperatures and heat transfer rates in
the soil. An important observation of Carvalho et al. (1995)
was that the temperature within the soil increases very little
during and after the burning of vegetation. A maximum
increase of 3 °C in temperature was observed at a soil depth
of 3 cm. Carvalho et al. (2002) investigated the process of
log smoldering in tropical fires. Understory fire propagation
and tree mortality in areas neighboring an Amazonian
deforestation fire were also investigated in Carvalho et al.
(2010). Balch et al. (2015) conducted a large-scale experi-
ment in the southeast of Amazon to investigate the drivers of
forest flammability and vulnerability. The study confirms the
complex interactions that drive fire behavior and effects of
repeated burnings in successional pathways in the Amazon
forest. Bufacchi et al. (2016) used data from two fire site
observations in the Brazilian rainforest, in the States of Acre
and Mato Grosso, as input to determine the rate of fire spread
by numerical simulations.

In recent years, there have been a great number of fire
behavior studies, each with its own statistical model to
predict if the fire spreads or not. Some studies are related to
the fire ignition itself, such as Dimitrakopoulos and
Papaioannou (2001). Others study the probability of fire
spreading in different vegetation types and configurations
such as porous beds of woody fuels (Wilson 1985), live
chaparral shrub fuels (Weise et al. 2005; Zhou et al. 2005),
maritime pine stands (Fernandes et al. 2008) and mixed
wood boreal forest surface fuels (Dickinson et al. 2013).
The resulting statistical models fit specific fire environ-
ments. These models can adeptly represent data collected
from a few types of vegetation under certain fuel and
weather conditions, but they fail to represent fire
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propagation in different fuel and weather conditions. To the
authors’ knowledge, there is not a flammability study
regarding the Brazilian rainforest. Therefore, one main
goal of this paper is to fit experimental data to a logistic
regression model to predict fire propagation.

Surface fires in the Brazilian rainforest ecosystem are
characterized by the burning of dead and undergrowth
vegetation, such as herbs, leaf litter layer and twigs. These
fires do not cause significant damage to large trees, but are
extremely harmful to young plants and the lower vegeta-
tion (Silva 1998). In addition, surface fires are difficult to
detect by satellites used for fire monitoring (INPE 2015).

The major goal of the experimental work was to gather field
data to improve the understanding of surface fire spread in the
Brazilian rainforest, to provide input data to future computer
simulations and to fit a logistic model to explain the propa-
gation and self-extinguishment of surface fires.

Materials and method

The litter burning experiments were conducted in the
Brazilian rainforest region in the State of Rondonia
(Fig. 1). All the fire experiments were conducted under the
forest canopy.

Planning and methodology of the experiments

Fire rate of spread (ROS) is the result of the coupled
processes of heat generated by gas-phase combustion and
convective and radiative transfer of heat that promotes the
thermal degradation of the unburned vegetation, which, in
turn, provides gaseous fuel to sustain the fire.

Numerical models typically require a certain number of
thermophysical properties for the fuel bed, which need
accurate measurement (Morvan and Dupuy 2001, 2004;
Mell et al. 2007, 2009; Bufacchi 2014), namely

(a) Litter height (LH);
(b) Litter bulk density (LBD — ’”dry), estimated from

Viitter

the mass of dry vegetation (obtained by drying the
litter samples) and the volume of the litter;
(c) [Initial litter temperature (LT), taken before fire
ignition;
(d) Litter moisture content (LMC = W), esti-
ry

mated from the wet and dry litter masses;

(e) Litter residue fraction (LRF = m—“), where Myesidue

Mdry

is the mass of residue after burning the litter.

Other important variables were also measured, such as
unburned litter mass, soil temperature (ST), wet soil mass,
dry soil mass, ambient wind velocity and time of fire

spread, in order to assess their relevancy to the measured
ROS. The equations relating these variables are summa-
rized in “Appendix 1.”

For the experiments reported here, we chose a site in the
State of Rondonia, which is representative of the Amazon
biome. An area of 150 m by 150 m was selected, and a
transect methodology was utilized to locate a group of
seven experiment sites. In addition to that, eleven more
sites were located inside the 150 m by 150 m area, giving a
total of eighteen sites. This second group of sites was
chosen based on clear areas (absence of trees).

Four experiments were carried out for each experiment
site. This way, four measurements, taken in the cardinal
directions, north, south, east and west were planned for
every variable in each experiment site. A total of seventy-
two experiments were carried out.

Figure 2 depicts the transect utilized for the first group
of seven experiment sites.

A 10-m variation in the site location, along transects,
allowed ensuring a clear area for the experiment. All the
experiment sites were 3 m in diameter and, for safety
reasons, foliage, twigs and branches were removed from a
40-cm-wide band around them. This procedure avoided fire
propagation out of the circular experiment sites. The center
of the experiment site was always accessed from the
northwest. While stepping back, attempts were made to
return the litter to conditions prior to walking on the site.
For ease of reference, the site center and the 1.5-m-radius
boundaries along the cardinal directions were identified by
wood sticks. Figure 3 shows the experiment site
configuration.

A meteorological station was placed in the middle of the
150 m x 150 m area, in order to measure the ambient air
temperature, ambient air relative humidity and ambient
wind velocity (speed and direction). The meteorological
station was placed 1.5 m above the ground the day before
the first experiment and removed after the experimental
campaign. It collected data every 15 s and recorded the
average values every 30 min, 24 h a day. The field
experiments were carried out from August 20, 2014, to
August 25, 2014, from 11 A M. to 5 P.M.

Eight type-K thermocouples were installed in each
experiment site lining up with the cardinal directions: four
in the center, along a 40-cm-diameter circle, and four at the
boundaries (1.5 m radius), as shown in Fig. 3. ROS was
calculated based on the elapsed time for the fire to propa-
gate outwards the cardinal directions, between the respec-
tive pairs of temperature sensors. Elapsed time was
estimated from peak temperatures, as a result of the pas-
sage of the fire front. Fire ignition was always in the center
of the experiment site.

In order to measure the ambient wind speed in the
experiment site, four vane anemometers were positioned
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Fig. 1 Location of the litter burning experiments
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Fig. 2 Transect utilized for site selection

1.90 m from the center of the site, along each cardinal
direction, at a height of 70 cm. The anemometers height
was chosen to avoid the influence of the in-draft air
movement caused by the approximately 30-cm-high fire
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front. The range of measurement of the vane anemometer
was from 0.4 to 30 m s~ ..

In situ measurements of litter, soil and residue mass,
litter height, soil and litter temperature were concentrated
in four circular areas of 29 cm in diameter (frame), along

the four cardinal directions, as depicted in Fig. 3.
Execution of the experiments

Seventy-two outdoor experiments were conducted mea-
suring litter height, litter temperature, unburned litter mass,
wet and dry litter mass, soil temperature, wet and dry soil
mass, ambient wind velocity, ambient air temperature,
ambient air relative humidity and time of fire spread. These
data allowed calculating the rate of fire spread, litter bulk
density, litter and soil moisture contents, litter load and
litter residue fraction.

Prior to ignition, ambient wind speed was taken in all
cardinal directions in addition to the ambient wind velocity
recorded by the meteorological station. After the fire star-
ted, the ambient wind speed was taken at time intervals of
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Fig. 3 Experiment site configuration

3 min by the four anemometers. In all site measurements,
the ambient wind speed was below the range of the
anemometer (i.e., less than 0.4 m s_l).

Vegetation and soil temperatures were registered using a
portable infrared thermometer (RayTek MiniTemp MT6)
in all cardinal directions, before fire ignition.

Ignition started at the center of the experiment site by
means of a small amount of ethanol poured inside a 10-cm-
diameter area and ignited with a match.

Measurements of litter height were made in the four
in situ 29-cm-diameter circular frames. Biomass samples of
the 29-cm circular frames were weighed and the values
recorded as wet litter mass. Afterward, the weighed litter
was put into plastic bags, sealed and labeled. The litter bags
were sent to INPE (National Institute for Space Research)
Combustion Laboratory in Cachoeira Paulista, State of Sdo
Paulo, to measure the litter dry mass. Drying was con-
ducted at 75 °C oven temperature until the weight of the
sample stabilized. The same amount of litter, collected just
outside the experiment area, replaced the mass extracted
for sampling before the burn.

Soil samples from the 29-cm frames were also collected,
weighed and the values recorded as wet soil mass. After-
ward, the samples were put into plastic bags, sealed and
identified. The soil bags were sent to EMBRAPA (Brazil-
ian Agricultural Research Corporation) laboratory in Porto
Velho, State of Rondonia. There, the samples were oven
dried at 105 °C for 48 h and weighed. The values were
recorded as dry soil mass. The same amount of soil,

Anemometer

Thermocouple

Walk-in path

Experiment site center

Experiment site

Safe zone

Frame

X XoX YISt

collected from the external vicinity of the 29-cm frame,
replaced the mass extracted for sampling.

Results and discussion

ROS was calculated for the cardinal directions in which the
fire propagated from the center up to the site boundary. If
the fire propagation stopped before the site boundary, the
fire was said to have self-extinguished. The fire propagated
in 49% of the seventy-two experiments.

Tables 7 and 8 in “Appendix 2” present the results of
the litter, soil and ambient experimental data measured in
the field and calculated variables for the propagating and
self-extinguished fires, respectively. ROS of the propagat-
ing fires is highlighted in Table 7.

Table 1 shows average values, standard deviation,
coefficient of wvariability, and standard uncertainty of
measured and calculated variables. The data were split into
two sets, the one where the fire propagated and the other
one where the fire self-extinguished.

For most of the parameters, the standard deviation
for both the measured and calculated variables are high.
The coefficient of wvariation, defined as the ratio
between standard deviation and average, is accordingly
high. Statistical modeling for the ROS cannot be
obtained when the coefficient of variation is greater
than 0.2 (Montgomery and Runger 2014). As shown in
Table 1, except for ambient air, soil and litter
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Table 1 Statistical parameters
of the measured and calculated

variables

Average SD Coefficient of correlation Standard uncertainty

Fire propagated experiments

Measured variables
Litter temperature (°C) 28.7 1.3 0.05 1.5
Litter height (cm) 3.6 1.9 0.54 0.1
Litter mass (g) 74.2 27.1 0.37 0.2
Litter dry mass (g) 59.1 21.5 0.36 0.3
Litter residue mass (g) 23.5 10.2 0.44 0.2
Soil temperature (°C) 26.3 1.7 0.07 1.5
Soil mass (g) 341 188 0.55 2.0
Soil dry mass (g) 256 146 0.57 29
Air temperature (°C) 31.9 2.2 0.07 0.2
Air relative humidity (%) 61.3 8.2 0.13 2.0
Calculated variables
Litter moisture content [—] 0.26 0.35 31.64 0.89
Litter bulk density (kg/m®) 31.64 17.57  0.56 1.56
Litter load (kg/m?) 0.89 0.33  0.36 0.08
Residue fraction [—] 0.44 0.25 0.57 0.01
Rate of spread—ROS (cm/min) 15.1 3.9 0.26 1.2
Soil moisture content [—] 0.35 0.09 0.25 0.03

Fire self-extinguished experiments

Measured variables
Litter temperature (°C) 294 1.3 0.05 1.5
Litter height (cm) 1.6 0.5 0.32 0.1
Litter mass (g) 63.4 24.0 0.38 0.2
Litter dry mass (g) 49.5 17.9 0.36 0.3
Soil temperature (°C) 27.1 1.3 0.05 1.5
Soil mass (g) 257 96 0.37 2.0
Soil dry mass (g) 200 76 0.38 2.9
Air temperature (°C) 32.2 0.8 0.02 0.2
Air relative humidity (%) 61.6 4.0 0.06 2.0

Calculated variables
Litter moisture content [—] 0.28 0.07 0.24 0.01
Litter bulk density (kg/m?) 48.43 2045 042 3.50
Litter load (kg/mz) 0.75 0.27 0.36 0.00
Soil moisture content [—] 0.30 0.09 0.29 0.03

temperatures, air relative humidity and litter moisture
content, all the other parameters show coefficient of
variation greater than 0.2. Consequently, it is not pos-
sible to find a correlation between ROS and the relevant
physical parameters. Therefore, we restrict our data
analyses to the flammability of the litter. An evaluation
of Type B (National Institute of Standards and Tech-
nology 2016) standard uncertainty was carried out in
order to investigate the results. “Appendix 1 lists the
equations used to calculate the appropriate parameters
and Type B uncertainty (u) propagation. In order to
evaluate Type A uncertainty, one should take a statis-
tically significant number of measurements of each
variable while keeping the others constant, which is not
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feasible in outdoor fire experiments. Therefore, Type B
standard uncertainty was assumed as the standard
uncertainty (see Table 1). Furthermore, for variables
calculated upon measured quantities, the uncertainty
should be evaluated taking into account the propagation
of the measurement error, resulting in the combined
standard uncertainty (u.) (see “Appendix 17). The
uncertainty of the difference of the same variable
should also be evaluated with the combined standard
uncertainty.

Figure 4 shows the mean litter moisture content, aver-
age soil moisture content, average litter bulk density,
average litter load and average litter height extracted from
Table 1 for propagated and self-extinguished fires.
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Fig. 4 Graphs show the mean values for the litter moisture content,
soil moisture content, litter bulk density, litter load and litter height.
The left bar in each graph represents the variable mean value for the

To enable the flammability analysis, the difference
between the propagated and self-extinguished values of
physical parameters was estimated, along with the uncer-
tainty of the difference and the ¢ test interval estimate of the
mean difference. These results are presented in Table 2.

Table 2 shows that the difference of the average values
for propagated and self-extinguished fires for litter mois-
ture content, litter bulk density, litter load and litter height
is higher than the standard uncertainty of their difference.
Conversely, the difference for the average values for
propagated and self-extinguished fires for the litter tem-
perature, soil temperature, ambient air temperature, ambi-
ent air relative humidity and soil moisture content is
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fires that propagated up to the site boundaries, while the right bar
represents the experiments in which the fire self-extinguished. For
each vertical bar, the standard uncertainty is shown in a vertical line

smaller than their combined standard uncertainty. For the
variables whose uncertainty of the difference (column 5) is
smaller than their difference of the means (column 4), a
t test was performed and reported in column 6. The ¢ test
was performed in order to evaluate if propagating and self-
extinguishing samples would belong to the same popula-
tion. If this was the case, there would be no difference
between the two samples and they could be considered a
single sample. This means that when a variable value can
belong to either group (propagating or self-extinguishing
fires), it cannot be used to differentiate between the two
groups of fires. The uncertainty of the difference and the
t test interval estimate of the mean difference are

Table 2 Average values for propagated and self-extinguishing fires and the difference between them

Propagating Self-extinguishing Difference Uncertainty of t Test interval estimate
fires (a) fires (b) (a)—(b) the difference of the mean difference

Measured variables

Litter temperature (°C) 28.7 294 —0.7 2.1 -

Litter height (cm) 3.6 1.6 1.9 0.1 0.68

Soil temperature (°C) 26.3 27.1 -0.9 2.1 -

Air temperature (°C) 31.9 322 —-0.2 0.3 -

Air relative humidity [-] 61.3 61.6 -0.3 2.8 -

Calculated variables

Litter moisture content [-] 0.26 0.28 —0.02 0.01 0.03

Litter bulk density (kg m™>) 31.64 48.43 —16.79 3.83 8.59

Litter load (kg m~?) 0.89 0.75 0.15 0.01 0.01

Soil moisture content [—] 0.35 0.30 0.05 0.05 -
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Fig. 5 Graphs show the mean values for the litter moisture content,
soil moisture content, litter bulk density, litter load and litter height.
The left bar in each graph represents the variable mean value for the

complimentary methods to evaluate if a variable can be
used to characterize the propagation or self-extinguishment
of a fire. Both methods—uncertainty of the difference and
t test—show the same set of statistically representative
variables, namely litter moisture content, litter bulk den-
sity, litter load and litter height. This analysis is then fur-
ther used in the logistic regression model that will fit
variables data to the probability of fire propagation.

Both the litter and soil moisture content values were
expected to have a significant difference between propa-
gated and self-extinguished fires. However, for soil mois-
ture content, the difference in the average values is smaller
than the standard uncertainty. This means that, for the fires
investigated in this study, the soil moisture content does
not play a significant role for the rate of fire propagation,
while litter moisture content does.

Figure 5 presents the same data displayed in Fig. 4,
except that the standard uncertainty bar was replaced by the
standard deviation bar. As observed, litter bulk density,
litter load and litter height present a higher coefficient of
variation than the litter and soil moisture contents.

Generally speaking, litter surface fire propagation is
facilitated when the following combined effects are in
place: low litter moisture content, high litter load, high
litter height, low litter bulk density, low soil moisture
content.

A close look to the data presented in Fig. 5 reveals that
the expected trends played their roles in fire propagation.
The analysis should consider the averages and the
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fires that propagated up to the site boundaries, while the right bar
represents the experiments in which the fire self-extinguished. For
each vertical bar, the standard deviation is shown in a vertical line

respective standard deviations. The expected maximum
value for each parameter based on the standard deviation,
for the cases in which fire propagated, should be smaller or
greater than the cases in which fire self-extinguished,
depending on the parameter of interest. For instance, con-
sidering that low litter moisture content facilitates fire
propagation, Fig. 5 shows that the highest expected value
for this parameter (average value plus the standard devia-
tion) is smaller than the highest expected value where fire
self-extinguished. The same reasoning, regarding maxi-
mum expected values, can be applied to litter bulk density.
As suggested, lower litter bulk densities facilitate fire
propagation. Considering that litter bulk density is directly
related to litter load and litter height, the reasoning is
straightforward for these two parameters. As expected,
higher litter loads and heights are associated with suc-
cessful fire propagation.

Regarding the influence of soil moisture in fire propa-
gation, this analysis cannot be performed, seeing that the
difference between the average values is smaller than the
standard uncertainty for this average difference (see
Table 2).

Table 3 presents the correlation among variables, mea-
sured or calculated. There are only three correlation coef-
ficients higher than 0.7, namely the ones between ambient
air relative humidity and ambient air temperature (0.98),
between soil temperature and litter temperature (0.87) and
between litter height and litter bulk density (0.7). The data
points collected for ambient air temperature and ambient
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Table 3 Correlation among variables (measured or calculated)
LMC [-] SMC [-] LBD (kg m™) LL (kg m™2) LH (cm) LT (°C) ST (°C) AT (°C) RH (%)
LMC [-] 1
SMC [-] (0.26) 1
LBD (kg m™>) 0.32 (0.00) 1
LL (kg m~2) 0.11 0.09 0.41 1
LH (cm) (0.22) 0.05 (0.70) 0.21 1
LT (°C) 0.09 0.39 0.27 0.24 0.08 1
ST (°C) 0.19 0.24 0.26 0.27 0.16 0.87 1
AT (°C) 0.33 (0.31) 0.04 0.13 (0.05) (0.05) 0.11) 1
RH (%) (0.25) 0.34 0.03 (0.14) 0.02 0.19 0.25 (0.98) 1

LMC litter moisture content, SMC soil moisture content, LBD litter bulk density, LL litter load, LH litter height, LT litter temperature, ST soil
temperature, AT ambient air temperature, RH ambient air relative humidity

air relative humidity represent a 24-h recording from
August 20, 2014, to August 24, 2014. Data recorded on
August 25, 2014, ended at 18:00 h. Although in this
experimental investigation meteorological parameters did
not influence the surface fire flammability, they are useful
in physical numerical models. For the period of investi-
gation, no correlation was observed between ambient air
relative humidity and litter moisture content. The same
conclusion applies to soil and litter moisture contents,
despite the fact that litter biomass interacts, to some extent,
with the ambient air and the soil. In addition, ambient air
temperature and litter temperature data do not show a
correlation between these two parameters. The correlation
between soil and litter temperature is to some extent
expected, because of the physical proximity of the two
layers. The correlation between litter height and litter bulk
density will always appear, since the litter bulk density is
calculated taking the litter height into consideration.

Logistic regression model

After the vegetation ignition is successful, what follows is
either fire propagation or self-extinguishment. This binary
result is influenced by vegetation, soil and weather prop-
erties. The mathematical model that treats continuous input
variables and provides a binary outcome is the logistic
regression model (Montgomery and Runger 2014).

In general, all logistic regression models have the same
propagation/extinction probability equation (Eq. 2). What
changes are the independent variables (®) and their cor-
responding coefficients () in the logistic equation (Eq. 1).
Equation (1) is also known as the index of the logistic
regression model. Wilson (1985) and Dickinson et al.
(2013) present their index in a form that is not a polynomial
shape, but the fire propagation probability is the same as in
Eq. (2).

BO =Py +P1*O1+frxOr+ -+, %0, (1)
eh®

Pr(spread = Y) = T o0 (2)

Fire propagation occurs when Pr > 0.5, while extinc-
tion occurs otherwise.

The data presented in this study were used as input to
existing logistic models (Wilson 1985; Weise et al. 2005;
Zhou et al. 2005; Fernandes et al. 2008; Dickinson et al.
2013) applied to propagation/extinction outcomes.
Although the litter vegetation found in the Brazilian rain-
forest differs from the vegetation types presented in these
past studies, an assessment was performed to check how
well each one would predict the litter flammability
observed in our field experiments. Table 4 summarizes the
results. True positive rate identifies the percentage of
positives that are correctly identified as such. True negative
rate identifies the percentage of negatives that are correctly

Table 4 Logistic regression

models results Wilson (%) Weise (%) Zhou (%) Fernandes (%) Dickinson (%)
True positive rate 51 54 100 100 83
True negative rate 73 68 3 3 65
Average 62 61 52 52 74

True positive rate identifies the percentage of positives that are correctly identified as such. True negative
rate identifies the percentage of negatives that are correctly identified as such. Correctly identifying true
negatives is very important, as no one would like to predict a fire to not propagate and in fact it propagates
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identified as such. Correctly identifying true negatives is
very important, as no one would like to predict a fire to not
propagate and in fact it propagates.

Data from the field experiments presented in this paper
when used as input data to the models of Weise et al. (2005)
and Zhou et al. (2005) were not expected to be good, since
these two models consider wind speed and terrain slope in the
logistic equation, which are both zero for this study of the
Brazilian rainforest litter. One reason for Weise et al. (2005)
to perform better than Zhou et al. (2005) is that the logistic
equation coefficients in the former model for wind speed and
terrain slope are smaller and vegetation moisture content is
higher than the coefficients in the latter.

Fernandes et al. (2008) presented four different indexes
for their logistic regression model. Using our experimental
data in these indexes and models showed the same true
positive rate and true negative rate for all four models. The
reason is the choice of the index parameters, which are not
as significant for this study as it was for theirs.

Wilson (1985) and Dickinson et al. (2013) have basically
the same formulation for the indexes, which are not poly-
nomials. Wilson (1985) calibrated his model for porous beds
of woody fuels and Dickinson et al. (2013) for mixed wood
boreal forest surface fuels. Because Dickinson et al. (2013)
fuels are more similar to our fuels, their model provided
better results with our experimental data. Nonetheless, none
of the models considered performed very well using our data
from the Brazilian rainforest. For this reason, we developed a
logistic regression model based on variables important for
describing rainforest surface fires.

In order to evaluate the independent variables appropriate
to the logistic regression model for our dataset, a bivariate
correlation was run using the following input parameters:
litter moisture content (LMC), soil moisture content (SMC),
litter bulk density (LBD), litter load (LL), litter height (LH),
litter temperature (LT), soil temperature (ST), ambient air
temperature (AT) and ambient air relative humidity (RH).
The strongest correlations were between the ambient air
temperature and the ambient air relative humidity (—0.92)
and between litter temperature and soil temperature (0.82).
The strong correlation between air temperature and air rel-
ative humidity is already shown in Table 3. Thus, the list of
independent variables for the logistic regression model
equation had the ambient air relative humidity removed. For
the same reason, the soil temperature was removed from the
list. Considering that the litter bulk density is the division of
the litter load by the litter height, choosing the litter bulk
density as an independent variable would exclude the litter
load and the litter height. On the other hand, picking either
litter load or litter height, or both, would exclude the choice
of the litter bulk density as an independent variable. The
choice was to remove the litter bulk density from the list of
variables for the logistic regression model equation. At this

@ Springer

point, a logistic regression analysis was run with the
remaining variables: litter moisture content, soil moisture
content, litter load, litter height, litter temperature and
ambient air temperature. This is referred to as the saturated
model. In order to obtain a reduced model, a sensitivity
analysis was conducted excluding one variable at a time.
This showed that litter moisture content and litter height are
the only independent variables that are statistically signifi-
cant under a significance level of 0.05. It is important to note
that litter moisture content and litter height were also clas-
sified as statistically significant by the methods of the
uncertainty of the difference and ¢ test (Table 2).

The general polynomial equation presented in Eq. (1) is
then rewritten as

pO = —0.16 « LMC + 0.19 « LH (3)

The results from the logistic equation provided sensitivity
(true positive rate) of 71% and specificity (true negative
rate) of 84%, and an average value of 78%. Results from
this logistic regression model are better than the ones
presented in Table 4.

Table 5 presents the statistical data and the polynomial
coefficients for the litter moisture content and the litter
height. In the table, SE stands for standard error, and Wald
is the Wald test used to test a single or multiple hypothesis
on single or multiple parameters. Significance means the
significance level for the Wald test. If the significance is
smaller than or equal to the P value, the variable is con-
sidered statistically significant. In this study, a P value of
0.05 was considered, which corresponds to the probability
of observing such an extreme value by chance.

Fit between Eq. (3) and spread behavior in Brazilian
rainforest litter is illustrated in Fig. 6.

Summary and conclusions

Fire experiments in the Brazilian rainforest litter were
carried out in the State of Rondonia. The field conditions
for a surface fire spreading through a litter bed were
recorded in 72 experiments, in which 49% of the fires
propagated. Based on the statistical analysis, a logistic
regression model for fire propagation was proposed and its
coefficients were fitted to the experimental results. The
relevant parameters for fire propagation were litter height
and litter moisture content. The logistic regression model

Table 5 Parameters of the extinction index estimated from logistic
regression for the Brazilian rainforest litter

Variable Variable coefficient SE Wald Significance
LMC —0.16 0.04 14.92 0.000
LH 0.19 0.05 13.10 0.000
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provided very good results, as sensitivity (true positive LBD — Mdry 4)

rate) is 71% and specificity (true negative rate) is 84%,
with an average value of 78%. This logistic regression
model can be easily applied to management of surface
fires. With the input of only two parameters, litter height
and litter moisture content, which are easily obtained, one
evaluates the probability of fire propagation. This infor-
mation is important for evaluating forest fires risk.

Surface fire, as natural phenomena, has intrinsic high
variability, as shown in the analyses. With this high vari-
ability and with the data measured in the field, a statisti-
cally representative correlation between ROS and the
physical parameters was not obtained. Nevertheless, a set
of average values, standard deviations, coefficient of vari-
ation and standard uncertainties of the physical parameters
for propagating and self-extinguished fire were reported.
The averaged calculated ROS is 15.1 + 1.2 cm min~ .
This experimental study also provides a comprehensive set
of physical parameters that are important for numerical
simulations of surface fire propagation in the Brazilian
rainforest.
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Appendix 1

This appendix presents the equations necessary for under-
standing the statistical approach used herein.

An estimate for the litter bulk density of the dry vege-
tation was obtained from the measured litter dry mass and
an estimated volume of the litter, which gives

litter

The litter moisture content is represented by the fol-
lowing equation

LM — Moet — Mary) (5)
Mgry

The litter load is

(mwet - mdry)

LL = 6
Alilter ( )
The litter residue fraction is given by
LRF = Mresidue (7)
Mgry

The soil moisture content is represented by the follow-
ing equation

SMC — (msoil wet — Msoil dry) (8)
Msoil dry
The ROS is given by
Ad
ROS = — 9
At ©)

where Ad is the distance between two thermocouples and
At is the time for the fire to travel between the two thermocouples.

The statistical parameters are represented by the for-
mulas below. The average is the sum of a list of numbers
divided by the number of numbers in the list:

RS
x—;;xi (10)

and the standard deviation, which is a measure used to
quantify the amount of variation or dispersion of a set of
data values, is represented by
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Table 6 Measurands, devices and models, Type B standard uncertainties and sources of uncertainty

Measurand Sensor/device Model Type B standard ~ Source of
uncertainty uncertainty
Litter mass (g) Spring scale Pesola, Micro-Line 0.20 Calibration error
Dry litter mass (DLM) (g) Spring scale Pesola, Micro-Line 0.29 Calibration error
Soil mass (g) Spring scale Pesola, Medio-Line 2.04 Calibration error
Soil mass (g) Spring scale Pesola, Medio-Line 2.89 Calibration Error
Litter height (LH) (cm) Rule 0.001 Calibration error

Litter temperature (LT) (°C) Infrared thermometer
Soil temperature (ST) (°C)

Air Temperature (AT) (°C)
Air relative humidity (RH) (%)
Wind speed (m/s)

Wind speed (m/s)

Wind direction (degrees)

Infrared thermometer

NTC

Capacitive

Cup anemometer
Ultrasonic—meteorological station
Ultrasonic—meteorological station

Fire travelled distance (cm) Rule

Fire elapsed time (s) Thermocouples K-type/datalogger

RayTek MiniTemp MT6 1.5 Calibration error

RayTek MiniTemp MT6 1.5 Calibration error

LUFFT-WS601-UMB 0.2 Calibration error

LUFFT-WS601-UMB 2 Calibration error

Lutron AM-4201 2% + 1d Calibration error

Lufft-WS601-UMB 0.3 Calibration error

Lufft-WS601-UMB 3 Calibration error
10 Positioning of the

thermocouples

0.3 Calibration error

correction error

a:\/nilzn:(xi—f)z (11)

i=1

The combined standard uncertainty is needed for the
calculated quantities, and its form depends on the math-
ematical relationship involving the measured quantities.
The equations below represent the standard combined
uncertainty, u., for the litter bulk density, litter moisture
content, litter load, litter residue fraction, soil moisture
content and ROS, respectively. All the uncertainties were
estimated using the Type B method. Table 6 presents the
data necessary for computing the combined standard
uncertainties of the measurand using the following
equations (note that values of u. are reported in Table 2;
also please refer to “List of symbols” for the meaning of
the variables below).

DLM

1 2
= — ) WA — 2 12
UcLBD ( A LH> Uppm A (LH)Z UpLm (12)

2
1\, ALM 1\,
eme = AL\ i) Mo | T (7 UpLm

DLM)?
1N,
UeLL = A Uprm +

2
DLM
@y U (14)
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2
Myesidue 2

1 2
Uc = —— w2 | —— | u 15
LRF (DL > Mresidue (DLM) 2 v (15)

2
1 \? ASM
— | (=o ) 3 N 16
UcSMC (DSM) Upsm + (DSM)2 Upsm (16)
2
1\’ Ad
UROS = (At) Ui, + w uy, (17)

where At represents the elapsed time measured between
two thermocouples and Ad the distance travelled by the fire
front.

The uncertainty of measurands difference, as presented
in Table 2, is calculated by

(18)

Table 6 presents the estimation of the Type B standard
uncertainties of the measurands.

Ue = \/ (quPﬂgated) ? + (uselffextinguished) g

Appendix 2

See Tables 7 and 8.
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