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ABSTRACT: Predicting fire spread rates is essential in planning and deciding whether to conduct prescribed fires or
suppressing forest fires. This study was conducted with the objective of developing a fire spread model for deciduous
forest fires by using a simple statistical model. Test fires were conducted under a range of weather and fuel conditions to
gather quantitative data on fire spreading. A series of 80 experimental fire plots were set in deciduous forests in the Northern
Thailand during the forest fire seasons from 2008-2009. The factors influencing the fire spread rate, i.e., weather, fuel,
and topography conditions, were measured to model the fire spread. According to the burning experiments, the fire spread
rate was 0.51-2.55 m/min. Multiple nonlinear regression analyses of slope terrain, fuel load, and moisture content of fuels
were found to be able to accurately predict the fire spread rate at a confidence level of 25-88%. The developed model can
be applied to deciduous forest fuels in other regions of Thailand. However, its use should be restricted to typical weather

conditions.
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INTRODUCTION

Forest fires are one of the major sources of gaseous
and particulate emissions into the atmosphere' and
studies on air pollution and climate change have
shown forest fires to be particularly prevalent during
the dry season in Thailand’>. Besides, fires can
produce sufficient heat to modify local winds, con-
tributing to atmospheric instability and causing cloud
development?.

Today, Thailand currently faces annual air emis-
sion from forest fires during January to May with
impact on respiratory health and vision, especially in
the upper northern region of the country*. All fires
are human-caused?, especially by rural people living
near forested areas. The main reasons for setting fires
include the gathering of forest non-timber products,
e.g., fuel wood, bamboo, honey, mushrooms., hunting,
agricultural residue burning for land clearing before
the next crop, incendiary fires, and others. Nearly
all forest fires in Thailand are classified as surface
fires which combust only surface fuel including twigs,
dead leaves, dead plants, grass, and undergrowth5.

Based on Forest Fire Statistic Reports from the Forest
Fire Control Division of the Royal Forest Department
(FFCD), Thailand® over the period from 1998-2010,
the total frequency of forest fires was approximately
80767 events corresponding to a burned surface area
of 265472 ha. Approximately 50872 or 63% of
all forest fire events occurred in the northern region
of Thailand over a burned area of approximately
122688 ha, or 46% of all burned areas. Approxi-
mately 90% of all forest fire occurrences took place in
deciduous forests characterized into two forest types,
mixed deciduous forests and dry dipterocarp forests.
According to the land use map in Thailand,
in 2000/2001, the area of mixed deciduous forest
amounts to approximately 8.36 million ha or 46%
of the total forest area (18.34 million ha) mainly
located at 50-800 m height above sea level or higher.
The characteristic tree species were Tectona gran-
dis, Pterocarpus macrocarpus, Xylia xylocarpa var.
kerrii, Afzelia xylocarpa, Lagerstroemia calyculata,
Terminalia spp., and Vitex peduncularis. The middle
layer is dominated by bamboos, with Gigantochloa
albociliata, Bambusa tulda, and B. nutans’. This
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forest type has a long dry season lasting for more than
four months. The low annual precipitation rate is in
the range of 1200-1600 mm. In dry season, plants lose
their leaves. This forest is quite dry and forest fires
always occur there. Nearly all of the trees in this forest
type are quite dwarf and stunted®. The aboveground
biomass (AGB) of mixed deciduous forests reviewed
by Junpen® ranged from 50-187 tons of dry matter
per ha. Next, the area of dry dipterocarp forest
accounts for approximately 2.84 million ha or 16% of
all forest area '” mainly located at a 50-1000-m height
above sea level. The soil is shallow with no water
retention. The low annual precipitation amount ranges
from 900-1200 mm. The characteristic tree species
were D. obtusifolius, D. tuberculatus, Shorea obtuse,
and Shorea siamensis. The other common species
are Dipterocarpus intricatus, Pterocarpus macrocar-
pus, Xylia xylocarpa, Canarium subulatum, Careya
sphaerica, Melanorrhoea usitata, Quercus kerrii, and
Aporusa villosa'. Dry dipterocarp forests contain
plenty of dwarf bamboo and grass with annual forest
fires every dry season®. The AGB of dry dipterocarp
forests ranges from 58-268 tons of dry matter per
ha®. However, the AGB of deciduous forests in the
northern region of Thailand is considerably lower than
other regions because the annual forest fires always
occur in the same places in the northern region of the
country 2.

Regarding fire types of behaviour in deciduous
forests, the FFCD? has reported a surface fire spread
rate ranging from 1.70-3.40 m/min which is 1.00—
4.00 m of the flame height and 110-250 kW/m of
fireline intensity. The fire spread rate might be in-
creased when forest fires occur in steep slope areas.
The fire spread rate prediction is a key component in
planning and decisions for conducting prescribed fires
and suppressing forest fires. However, fire spread rate
prediction in the area of the studies is unknown> '3,

A literature review on the surface fire spread mod-
els reveals that fire models can develop from two types
of fuel: grassland and shrub land. The fire spread
rate depends on three major environmental weather
parameters, i.e., wind speed at ground level 42,
moisture content of fuel '+ 151921 and moisture con-
tent of dead fuel!”. Topographic factors include
slope of terrain'®2° and fuel characteristics, e.g., high
vegetation '8, vegetation cover'®, fuel load in the
unit area'® ! and fuel size'*. Based on previous
studies, the environmental parameters involved in the
prediction of fire spread rate have been used to design
a suitably prescribed burning experiment in this study.

As a prospective study of the improvements in fire
spread rate prediction, this study aimed at developing
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a fire spread model of deciduous forest fuels in the
northern region of Thailand. Fire types of behaviour
were examined under a range of weather and fuel
conditions to gather quantitative data on fire spread.
This study examined the possibility of describing
fire spread rate by means of a simple statistical
model. This method can reduce the uncertainty of
the predicted results due to the differences between
experimental scales and real fire scales. Moreover,
the statistical model was based on experimentation
conducted in real forest areas, such as wind, moisture
profiles, and fuel heterogeneity.

MATERIALS AND METHODS
Description of the study area

The prescribed burning experiment was supported by
Forest Fire Control Stations Chiangmai situated at Doi
Suthep-Pui National Park, and operated by Protected
Area Regional Office 16 Chiangmai Branch. The
study area was situated in Doi Suthep, Suthep-pui
National Park, which is located in the province of Chi-
angmai in the northern part of Thailand at a latitude
of 14° 59’ to 15° 49’ north and a longitude 98° 58’ to
99° 28’ east at 130-1678 m above sea level. The mean
annual rainfall and temperatures ranged from 800-
1000 mm and 24 and 34 °C, respectively??. Overall
forest area was approximately 262.5 km? which in-
cluded four types of forest as mixed deciduous forests,
dry dipterocarp forests, dry evergreen forests and pine
and montane forests. The dominant tree species in the
dry dipterocarp forest were Dipterocarpus tubercula-
tus, S. obtusa, S. siamensis and D. obtusifolius. The
mixed deciduous forest consisted of Lagerstroemia
duperreana, Terminalia mucronata, Tectona grandis,
X. xylocarpa, and P. macrocarpus and some Bambusa
membranacea and B. nutans. Tree densities?® were
3353 and 1166 trees/ha, respectively. The summer,
rainy, and winter months were from March to May,
June to November and December to February (of the
following year), respectively.

The experiment was conducted by prescribed
burning experiments in deciduous forest as dry dipte-
rocarp forests and mixed deciduous forests. The
experiment was set for two days per month be-
tween January and May from 2008-2009. The ex-
periment was conducted during the day (11.00 am
to 3.00 pm) which is the peak period of forest
fire occurrences’. The experiment was set in four
ranges of slope: 0-14%, 15-24%, 25-35%, and
> 35%. There were 80 experimental fire plots
(2 years x 2 days x 5 months x 4 slopes = 80 plots).
The models were developed by using the data from
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Fig. 1 Model domain and topography.

40 plots in 2008. The models were tested by using the
data from 40 plots in 2009.

Experimental plot design

The shape of the experimental plot is shown in Fig. 1.
The size of the experimental plot was approximately
60 m in diameter on the same slope. The experimental
area had never burned during the forest fire season.
The centre of the experimental plot was set with
8 lines of radius which were 30 m long measured
from the centre. The first radius line was in the upper
slope. Each radius line had 45°. Next, the radius
was divided into sections and each section was 5 m
long. Topography characteristics, such as altitude and
slope, were recorded. The altitude was measured in
the centre, upper and lower areas of the sampling plot
by using a global positioning system. These data were
used to calculate the percent of slope. The percent of
slope was calculated from the distance of the vertical
height (v) divided by the distance of the horizontal
length (h) for (percent of slope = v/h x 100).

Prescribed fire experiments

During the experiment, weather conditions (wind
speed, air temperature, and air relative humidity) were
recorded at 2 m above ground level in the open by a
meteorological station placed near the experiment site.
All fires were ignited in the centre of the experimental
area and then the distance of the fire propagation and
flame height within 8 radius lines were recorded every
2 min. The experiment was stopped after the fire
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propagation had spread 30 m in any line. The average
fire spread rate was calculated from the fire spread
rates every 2 min.

Biomass fuel sampling and moisture content
determination

In the pre-experimental data records, fuel character-
istics, e.g., fuel load (mass per unit area), moisture
content of fuel and types of fuel, were determined
from a random sample of plots located adjacent to
the burning plots. The sampling plot was set at
I mx 1 m with 4 samples (in radius lines 1, 3, 5,
and 7) at 35 m from the centre of the experiment
area. Fuel was then classified into four components,
i.e., dead leaves, grass, twigs, and undergrowth5’24‘26.
Each fuel was then weighed and 100 g of fuel were
collected for measuring moisture content by oven at
70 °C over a 48-h period. The moisture content of
biomass was calculated with the following equation:
M = (F — D)/D x 100, where M is the percent of
moisture content of biomass, I’ is the mass of fresh
biomass (g), and D is the mass of dried biomass.

Combustion efficiency estimation

Post-Experimental Data Record — After the fires had
been extinguished. Four sampling plots sizes were set
at 1 m x 1 m in the same line as the pre-experimental
settings for the burned area. The remaining fuel
after burning was then weighed and categorized by
fuel components: dead leaves, grass, twigs, and
undergrowth. These data were used to calculate the
combustion efficiency (CE). The equation of the
combustion efficiency is given in the following equa-
tion?’: CE; = (Why; — Wa;)/Whi, where CE; is the
combustion efficiency in each fuel component 7; dead
leaves, twigs, grass and undergrowth (dimensionless),
Wh,; is the dry weight of the fuel component 7 before
burning (g/m?), and W,; is the dry weight of the fuel
component i after burning (g/m?).

Fireline intensity estimation

The fireline intensity (I) (kW/m) was calculated by
using Byram’s equation®®: I = HW Ry, where I is
the fireline intensity (kW/m), H is the heating value
of fuel (kJ/kg), W is the fuel load burned (kg/m?), and
Ry is the rate of head fire spread (m/s). For deciduous
forest fuels in Thailand, the heating value? (H) is
approximately 18330 kJ/kg. The fuel load burned
(W;) was calculated from: W; = Zi Wh,; CE;, where
Wh,; is the dry weight of the fuel component ¢ before
burning (kg/m?), and CE; is the combustion efficiency
in each fuel component ¢; dead leaves, twigs, grass,
and undergrowth (dimensionless).
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Table 1 Range of values for weathers, elevation, and vegetation information in the experimental plots.”

T (°O) H (%) U (m/min) E (m) DP (trees/plot) DBH (cm)
Average 40 64 0.4 387 22 41
Minimum 36 58 0.0 366 9 28
Maximum 45 75.4 1.6 438 51 63

& T, air temperature; H, air relative humidity; U, surface wind speed at 2 m height; F, elevation; DP, density of Perennial;
and DBH, Diameter at breast height (1.30 m).

Table 2 Range of values for fire spread rate and environmental variables.”

Ry (m/min) S (%) F (tons of dry matter per ha) M (%)
Fig Fruy Fo Mg Mty Mo
Average 1.37 25.0 2.36 1.52 3.88 8.92 14.53 11.07
Minimum 0.51 9.0 1.15 0.42 2.40 4.14 5.58 4.52
Maximum 2.55 45.0 3.38 2.34 5.17 17.22 21.76 17.08
S.D. 0.53 11.4 0.61 0.41 0.67 3.75 4.54 3.46
S.E. 0.08 1.8 0.10 0.06 0.11 0.59 0.72 0.55

* Rys, rate of fire spread; S, percent of slope terrain; F', fuel load; F1,i, fuel load of dead leaves and grass; Frru, fuel load
of twig and undergrowth; Fo, overall fuel load; M, moisture content of fuel; M., moisture content of dead leaves and

grass fuel; My, moisture content of twig and undergrowth fuel; Mo, moisture content of overall fuel.

RESULTS AND DISCUSSION

Experimental plot conditions

According to the prescribed burning experiments,
fires were burned under a relatively narrow range of
weather conditions. Air temperature ranged from 35—
40°C (average 37°C), air relative humidity ranged
from 58-75% (average 64%), and wind speed at
ground level ranged from 0.0-0.5 m/s or near zero.
Wind speed at the ground level was very low because
the experimental areas were tightly covered by high
perennial trees. This situation is also associated with
real forest fires. Local communities always start fires
during weather conditions without wind at ground
level because they prevent rapid fire spread>. The
burning experiments were conducted at between 366
and 438 m above sea level. The tree density ranged
from 9-51 trees per plot and the diameter at breast
height (1.30 m) was from 28-63 cm. The charac-
teristics of weather and geographic conditions in the
experimental plots are shown in Table 1.
Environmental parameters included three main
parameters, i.e., weather, fuel, and topography. Only
one parameter was analysed to prevent the interre-
lation of independent variables. In this study, the
moisture content of fuel was considered as a parameter
of weather; slope of terrain was considered for the
parameter of topography and surface fuel load was
considered for the parameter of fuels. Moreover,
the moisture content of fuels and fuel load were
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categorized by fuel type into two groups; (1) dead
leaves and grass and (2) twigs and undergrowth. The
dead leaves and grass have a small size and the driest
so they have direct effect on the fire propagation more
than the twig and undergrowth.

Other weather parameters, such as air temperature
and relative humidity (Table 1), were not the focus
in this analysis because the moisture content of de-
ciduous forest fuels is related to weather conditions,
such as air temperature and relative humidity?*. The
above study reported air temperature to have a direct
effect on the moisture content of fuels, i.e., while the
air temperature is high during the daytime, fuel is
more readily dried by sunlight. Relative humidity was
found to have a positive relationship with the moisture
content of fuels, i.e., while the relative humidity is
low; the moisture content of fuel is also low, e.g., it is
easy flammable with a high combustion rate and high
fire intensity.

The information of environmental parameters is
shown in Table 2. The area slope of the experi-
mental plot was within a range of 9-41% of the
slope. The average overall fuel load (Fp) was approx-
imately 3.88 tons of dry matter per ha which included
2.36 tons of dry matter per ha of dead leaves and
grass (F1,g) and 1.52 tons of dry matter per ha of
twig and undergrowth (Frriy). The percentage of Fi,g
to Fo ranged from 41.2-89% (average = 60%). The
ratio of F,¢ and Frpy ranged from 0.7-8.0 (average
= 1.8). The moisture content of overall fuel (Mp)
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Table 3 Range of values for fire spread rate, flame height, and head fireline intensity variables.”

Rate of fire spread (m/min)

Flame length (m)

Fireline intensity (kW/m)

HF BF FF HF BF FF HF BF FF
Average 1.37 0.30 0.46 1.10 0.40 0.46 166.30 36.42 55.84
Minimum 0.51 0.05 0.13 0.39 0.18 0.19 39.33 3.86 10.03
Maximum 2.55 0.77 1.05 2.03 0.73 1.00 379.79 114.68 156.38
S.D. 0.53 0.16 0.21 0.44 0.14 0.17 80.32 24.25 31.82
S.E. 0.08 0.03 0.03 0.07 0.02 0.03 12.70 4.76 4.76

4 HF, head fire; BF, back fire; FF, flank fire.

Table 4 Range of values for combustion efficiency variable categorized by fuel components.

Combustion efficiency (dimensionless)

Dead leaves Twig Grass Undergrowth Dead leaves and grass Twig and undergrowth Overall Fuel
Average 0.98 054 094 0.49 0.98 0.49 0.80
Minimum 0.92 036 0.70 0.27 0.81 0.32 0.63
Maximum 1.00 0.75 1.00 0.66 1.00 0.71 0.90
S.D. 0.04 0.13  0.11 0.12 0.08 0.12 0.08
S.E. 0.01 0.04 0.04 0.04 0.02 0.04 0.02

ranged from 4.52—17%. The average moisture content
of Fry (Mry) was higher than Fo (Mo) and FlLg
(Mr,c) because this fuel covered the undergrowth
which was aboveground live biomass and the twigs
retain moisture better than the dead leaves and dead

grass?’.

Fire types of behaviour

The information on fire spread rate, flame height and
fireline intensity at head fire (line 1), back fire (line
5) and flank fire (average of lines 3 and 7) are shown
in Table 3. Fires were ignited at the centre of the
experimental plots and distributed everywhere. The
highest fire spread rate was at the upper slope (line 1)
ranging from 0.51-2.55 m/min. The ratio head fire
spread rate and back fire and flank fire spread rates
were approximately 2.0-15.2 times and 1.6-3.8 times,
respectively. The steep slope area had a higher fire
spread rate ratio between the head fire and the back
fire. The fire spread rate of the head fire and flank
fire increased with increasing slope whereas the fire
spread rate of the back fire decreased with increasing
slope.

Combustion efficiency

The information on the combustion efficiency catego-
rized by fuel component is shown in Table 4. Burning
experiments showed the combustion efficiency to be
dependent upon fuel components and moisture con-
tent. These results are concurrent with the study
of Hoffa et al’® which reported fine and/or drier

fuels to burn more completely than coarser and/or
moister fuels. Comparing the combustion efficiency
between deciduous forest fuels and grassland fuels
investigated by Shea et al3!, the same values were
discovered, i.e., small fuels, e.g., dead leaves, dead
grass, and live grass are almost completely burned at
a combustion efficiency of approximately 0.91, 0.99
and 0.98, respectively. Large fuels, e.g., twigs, are
partially burned which a combustion efficiency of
approximately 0.48.

Development of fire spread prediction

The fire spread model was developed by using the fire
spread rate at the head fire (line 1) or the line that
was burned up to a 30-m distance because the head
fire had a maximum fire spreading rate and fireline
intensity, thus making it the most dangerous fire for
forest fire control officers!>»?>. The information on
the fire spread rate is shown in Table 2.

Correlation analysis was undertaken to investigate
the relationships between fire spread rate, associated
fuel characteristics and percent of slope terrain. The
results are indicated in terms of a correlation matrix
(Table 5). The results indicate a relationship between
fire spread rate (Rys) and slope (5), FLa, Fo, MLa,
and Mo (2-tailed significant < 0.01%* or 0.05%).
Next, there was no relationship between S and all
of the fuel load parameters (Frg, Fru, and Fp).
Furthermore, there was no relationship between .S and
all of the fuel moisture content parameters (M q,
My, and Mo). However, the moisture content of
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Table 5 Correlation matrix between the variables used in the analyses.™®

Ry S Fig Fry Fo Mg My Mo
Rfs ' 1
Sig. -
S r 0.596™ 1
Sig. 0.000 -
Fie r 0.659™ —0.110 1
Sig. 0.000 0.947 -
Fru r —0.203 —0.016 —0.167 1
Sig. 0.209 0.921 0.304 -
Fo r 0.449™ —0.046 0.768" 0.455™ 1
Sig. 0.004 0.776 0.000 0.003 -
Mic r —0.801™ —0.185 —0.707" 0.171 —0.513™ 1
Sig. 0.000 0.252 0.000 0.290 0.001 -
Mry r —0.170 0.031 —0.247 0.167 —0.158 0.309 1
Sig. 0.294 0.850 0.125 0.302 0.331 0.052 -
Mo r —0.732™ —0.087 —0.737" 0.302 —0.483™ 0.875"  0.615" 1
Sig. 0.000 0.594 0.000 0.059 0.002 0.000 0.000 -

* r, correlation coefficient; Sig., significant (2-tailed).

® See Table 2 for the explanation of the symbols for the variables.

f Correlation is significant at the 0.05 level (2-tailed).
“Correlation is significant at the 0.01 level (2-tailed).

fuel (M1,g and Mty) had an inverse relationship with
fuel load (FLc and Fry), so the model could be
developed from only one parameter. This relationship
could be explained in that, in the beginning of the
forest fire season when F1,¢ includes only live grass,
the average moisture content of F1,¢ remains high. In
the middle of the forest fire season, weather is drying
up and trees shed dead leaves. The cumulative amount
of F1g is high. The average moisture of Fig is
decreased because it includes dead dried grass and a
large amount of dead leaves.

Relationship between Ry and S: The experiment
demonstrated that S influenced Rg,. The relationships
between Rg and S are closely related in a positive
exponential function (Fig. 2):

Ris = aexp(bS)  (R?=0.38). (1)
The estimates obtained for a and b were 0.732 (stan-
dard error (S.E.) = 0.088) and 0.022 (S.E. = 0.004).
The coefficient of determination was approximately
0.38 meaning a slope described or predicted fire
spread rate at a 38% confidence level. The equation
demonstrates that fire can spread in an increasingly
steep slope because the angle between the surface of
the flames and fuel is narrow. Hence the fuel in the
upper area dries and ignites quickly. This model is
quite similar to the surface fire models of shrub land
fuel in Spain studied by Vega et al'® which reported
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slope influences on fire spread rate in the form of a
positive exponential function.

Relationship between Ry and F': The experiment
demonstrated that Fg influenced Rg. The relation-
ships between Ry and Fo were related in a nonlinear
equation the form of the positive exponential function:

Rt = aexp(bFo) (R* = 0.25). )

The estimates obtained for a and b were 0.383
(S.E. = 0.126) and 0.309 (S.E. = 0.083). The coef-
ficient of determination was approximately 0.25. In
the case of Fry, there was no relationship between
Fry and Ry, (2-tailed significant > 0.05). Next, F1.g
was able to explain fire spread rate with a nonlinear
equation in the form of a positive exponential function
at a 45% confidence level:

Rt = aexp(bFLc) (R*=045). (3

The estimated parameters were a = 0.454 (S.E. =
0.086) and b = 0.436 (S.E. = 0.078). This function
shows the acceleration of fire spread is greater than
0, depending upon the amount of F,g. The higher
amount of Fi,g will take higher fire intensity or heat
power. The heat spread can be closer to the surface
of the fuels. The surrounding fuel is drier and hotter.
The increasing fire spread rate is also faster. These
results are similar to the research findings of Bilgili
and Saglam'® who developed a surface fire spread
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Fig. 2 Rate of fire spread categorized by group of average moisture content of dead leaves and grass fuel of each month

versus slope.

model for shrub land fuels in Turkey and reported the
overall fuel load to be directly related to fire spread
rate in terms of positive linear function.

Relationship between Ry and M: The experiment
demonstrates that Mo influences Rg. The relation-
ships between Rgs and Mo were related in the form of
a negative exponential function:

Ris = aexp(—bMo)  (R*=045). (4

The estimates obtained for a and b were 2.987 (S.E.
= 0.483) and 0.772 (S.E. = 0.014) in which the
coefficient of determination was approximately 0.45.
M7, was more able to explain Rg which was related
in the form of a negative exponential function at a 60%
confidence level:

Rps = aexp(—bMrg)  (R?*=0.60). (5)

The estimated parameters were a 2.657 (SEE. =
0.280) and b = 0.083 (S.E. = 0.011). Inversely, there
was no relationship between Mty and Ry (2-tailed
significant > 0.05).

Equations (2)—(5) demonstrated the fully burned
fuels (small and/or dry fuels) to provide a higher
confidence prediction than that of the partially burned
fuels (large and/or moist fuels). This summary was
supported by the studies of Fernandes!” which de-
veloped surface fire models of shrub land fuels in
Portugal and Cheney et al "> which developed a model
of grassland in Australia. These studies demonstrated
that the moisture content of dead fuel influences fire
spread rate in the form of negative exponential curves.
The moisture of live fuel is not widely used for forest

fire behaviour prediction and the moisture content
of live fuel is normally used for crown fire spread
models 432,

Relationship between Rgs and multi-independent vari-
ables: The development of the relationship between
fire spread rate (Rjs) and multi-independent variables
were modelled by multiple nonlinear regression anal-
ysis. Fig. 2 shows the relationship between fire spread
rates categorized by the group of average Mg of
each month (January to May) and slope of terrain.
Fig. 3 shows the relationship between fire spread rates
categorized by range of slope and Myg. According
to Fig.2 and Fig. 3, the variables were found to
have a nonlinear relationship as a positive exponential
and negative exponential function, respectively. The
coefficients of equations of both graphs were used
to provide the lowest value for multiple nonlinear
regression analysis. Nonlinear regression analysis was
used instead to fit a model of the form:

Ris = aexp(bS) exp(—cMpa) (R? =0.88). (6)
The estimated parameters were a = 1.657 (S.E. =
0.143), b = 0.018 (S.E. =0.002), and ¢ = 0.080 (S.E.
=0.007) in which the coefficient of determination was
approximately 0.88.

Next, Fig. 4 shows the relationship between fire
spread rates categorized by range of slope and Fig.
Fig. 5 shows the relationship between fire spread rates
categorized by range of Fc and slope of terrain.
According to Fig. 4 and Fig. 5, the variables had a
nonlinear relationship as a positive exponential func-
tion. Nonlinear regression analysis was used instead
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Fig. 4 Rate of fire spread categorized by range of slope versus fuel load of dead leaves and grass.

to fit the model of the form:

Ry, = exp(bS) exp(cFra) (R*=0.87). (7)
The estimated parameters were a = 0.251 (S.E. =
0.033), b = 0.024 (S.E. = 0.002) and ¢ = 0.439 (S.E.
= 0.041) in which the coefficient of determination
was approximately 0.87. According to (6) and (7),
the forest areas demonstrating steep slopes and high
cumulative small fuel load (dead leaves and grass)
should receive greater attention than the flat slopes
and low cumulative small fuel load, especially during
February to April every year when the small fuel has
very low moisture content.

The predicted fire spread rate plotted against the

www.scienceasia.org

observed values from the prescribed burning experi-
ments in 2009 show a relatively good fit (Fig. 6 and
Fig. 7). The results demonstrate that the models can
be used to predict fire spread rate for future situations
quite well (in 2009). Notably, the predicted fire
spread rates from (6) and (7) were higher than the
observed fire spread rates at approximately 2.6 and
6%, respectively. Hence, fire fighters have greater
safety because they will realize the high propagation
rate of fires.

Model application for deciduous forest in other re-
gions: The application of (6) is suitable for other
deciduous forests with fuel load of dead leaves and
grass ranging from 1-4 tons of dry matter per ha (the
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Fig. 5 Rate of fire spread categorized by range fuel load of dead leaves and grass versus slope.
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Fig. 6 Predicted versus observed rates of fire spread from
the model in slope and moisture content of dead leaves and
grass fuel, Ry = 1.657 exp(0.018 .5) exp(—0.080 Mrc),
by using fire spread rate and environmental parameters
information from burning experiments in 2009.

same conditions during the burning experiments). For
deciduous forests where the amount of dead leaves
and grass higher than 4 tons of dry matter per ha,
the model provides under-estimation results. For
example, in the case of the steep slope (60%) and the
low moisture content of dead leaves and grass (5%),
the predicted fire spread is no faster than 2.7 m/min.
Equation (7) has a more flexible application than
(6) because the fuel load of dead leaves and grass was
added to the equation. Equation (7) can be applied
for the prediction of fire spread rate in deciduous
forests in other regions which might have a higher
dead leaves and grass load than the experimental
areas. The prediction of model (7) was tested by
comparing the predicted results derived by (7) with the

3.0

25

2.0

15

Predicted rate of fire spread, m/min

05

0.0 T T r r
1.0 15 20 25
Observed rate of fire spread, m/min

0.5
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Fig. 7 Predicted versus observed rates of fire spread from
the model in slope and fuel load of dead leaves and grass,
Ris = 0.251exp(0.024 S) exp(0.439 FLg), by using fire
spread rate and environmental parameters information from
burning experiments in 2009.

results from real forest fires observed by the FFCD?.
The fire spread rates observed by the FFCD were
done at major deciduous forests in four regions of
Thailand including Chiangmai province in the north-
ern region of Thailand, Kanchanaburi province in
the western region, Petchburi province in the central
region, and Nakornratchasrima province in the north-
eastern region. The method of fire spread rate and
fuel characteristic measurement is quite similar to this
study, except the terrain slope of real fires was not
measured. Hence the value of the terrain slope was
assumed within a range from 10-45% of slope which
covered the terrain slope of four major deciduous
forests of the FFCD data. The comparison between
the predicted fire spread rate from (7) and the FFCD
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Table 6 Comparing of fire spread rate between observed and predicted for deciduous forest fuel in each region of Thailand?

Province, Region Fuel load of dead leaves and grass (F1.g) Observed R Predicted R
(tons of dry matter per ha)’ (m/min)" (m/min)*
Chiangmai, Northern 3.46 1.72 1.46-3.38
Kanchanaburi, Western 3.39 2.81 1.41-3.27
Petchaburi, Central 3.42 3.09 1.43-3.32
Nakornrachasima, North-eastern 4.65 3.41 2.46-5.69

T Observed fire spread rate from the burning experiment of FFCD? in deciduous forests in each region of Thailand.
* Predicted fire spread rate from the model in slope of terrain and fuel load of dead leaves and grass, Rs =
0.251 exp(0.024 S) exp(0.439 F1c). The value of slope was assessed in the range of 10-45% of slope.

data is shown in Table 6. The results demonstrate
the fire spread rate measured from real forest fires
in four regions can be comprehensively predicted by
(7). Hence this model might be used to replace the
deficient fire spread model for deciduous forest fires
in Thailand.

CONCLUSIONS

The prescribed burning experiment based on point
source ignition provides more understanding of the
forest fire behaviour in deciduous forest fuels. The
statistical models demonstrate five parameters influ-
encing the fire spread rate prediction, including the
moisture content of overall fuel, the moisture content
of dead leaves and grass fuel, the overall fuel load,
the fuel load of dead leaves and grass and slope of
terrain. The combination of these parameters can
accurately predict the fire spread rate at a 25-88%
confidence level. However, the models should be used
in areas with similar fuel characteristics and weather
conditions.

For future perspective work, the effects of wind
speed and direction at ground level should be added to
further studies because some of the forested areas in
Thailand are disturbed deciduous forests which have a
low percentage of tree cover. Hence wind speed and
direction have a significant influence on the increase
of fire spread rates. Moreover, the effects of the
aspect of slope, surface soil humidity, fuel thickness,
coverage of surface fuel and amount of aboveground
biomass could be investigated in the fire spread model.
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