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ABSTRACT

The integration of geographic information systems (GIS) and environmental modelling has
been widely investigated for more than a decade. However, such integration has remained
a challenging task due to the temporal changes of environmental processes and the static
nature of GIS. This study integrates GIS and cellular automata (CA) techniques to develop
a fire behaviour model with a flexible and user-friendly end-user interface. The developed
model incorporates topographic, forest fuel and weather variables. The performance of the
implemented fire model is evaluated by comparison with fire spread simulations derived
from Prometheus, the national Canadian fire behaviour modelling tool based on elliptical
wave propagation principles. The developed fire behaviour model was tested using spatial
data from the 2001 Dogrib Fire near Nordegg Alberta, Canada. Results from the simulations
of the CA and wave propagation spread models indicate comparable agreement. This study
shows that the GIS-CA model can simulate realistic forest fire scenarios. The developed GIS-
based modelling tool enables dynamic animation within the GIS interface. Further, this tool
can be adapted to other CA-based spatio-temporal modelling applications.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Geographical information systems (GIS) have become an
indispensable part of environmental modelling technology to

Modelling environmental processes and systems enables
greater understanding of the natural environment as a whole
as well as the relationships and dynamics of its interacting
parts. By presenting a simplified or an abstract representation
of the world, models can provide insight into the past, define
the present or predict the future state of natural phenomena
(Smyth, 1998). In this regard, environmental models have been
effective in dealing with time and variable interactions, but
they traditionally do notincorporate spatial information in the
analysis and presentation (Waters, 2002).

* Corresponding author. Tel.: +1 778 782 4621, fax: +1 778 782 5841.

manage and analyze increasingly complex and diverse envi-
ronmental data. GIS have been designed for the collection,
retrieval, analysis and display of spatial data (Burrough and
McDonnell, 1998), and as such they lack the functionality to
represent the temporal dimension or the interactions of con-
tinuously changing variables (Dragicevic and Marceau, 2000).

The integration of GIS and spatio-temporal models has
been the subject of active research for more than a
decade (Clarke et al., 2002). Many approaches of dynamic
model integration with GIS have been undertaken. These
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strategies can be categorized as: full integration of a
model within GIS (embedded coupling); integration under
a common interface (tight coupling); linkage through the
import/export of data (loose coupling) and incorporation of
GIS functionality within the model (Mitasova and Mitas,
2002).

One of the approaches used in enhancing the dynamic
modelling capability of raster-based GIS is cellular automata
modelling. Cellular automata (CA) were first introduced by
Von Neumann (1966) as mathematical representations of
complex systems which consist of a grid or lattice of cells
where each cell is in one of a number of finite states.
The state of a cell depends on a set of rules and the
state of the neighbouring cells. Cells change state as a
result of deterministic, probabilistic or stochastic transition
rules. The time component progresses in discrete steps and
the cells update their state synchronously after the transi-
tion rules are applied (White and Engelen, 1997; Batty and
Xie, 1994). Cellular automata have many characteristics that
make them attractive in spatio-temporal modelling. Utiliz-
ing simple local rules, they have the potential to model
complex phenomena. Moreover, they are inherently spatial
and their structure is compatible with geospatial data sets
available from various digital sources (White and Engelen,
2000).

CA models have been used to understand a variety
of spatial phenomena including plant competition (Grist,
1999; Matsinos and Troumbis, 2002), epidemic propaga-
tion and vaccination (Sirakoulis et al., 2000; Morley and
Chang, 2004), habitat fragmentation (Darwen and Green,
1996; Balzter et al,, 1998), pedestrian traffic flow in fire
evacuation (Yang et al, 2002), plant invasion and dis-
persal (Cannas et al, 2003), spatial dynamics of urban
and regional systems (Clarke and Gaydos, 1998; Wu and
Webster, 2000), forest insect propagation (Bone et al., 2006),
and forest fire propagation (Berjak and Hearne, 2002; Ito,
2005).

In the case of fire events, there are both positive and neg-
ative consequences. On the one hand, fire plays an integral
role in maintaining the health and diversity of many for-
est ecosystems (Johnson and Miyanishi, 2001). On the other
hand, fire can have negative socio-economic consequences
and can adversely impact public health and safety, property
and natural resources. As such, there is a constant demand
for more effective fire management policies due to the human
risks and the rising concern about global climate change.
Consequently, a variety of forest fire models and decision
support systems are in existence and in continuous develop-
ment to aid in more effective management (Pastor et al., 2003;
Andrews and Queen, 2001). Ecosystem differences and the
influence of changing environmental factors are challenges
that make many fire models context dependent (Jordan et al.,
2005).

The objectives of this study are to: (1) Develop an
integrated GIS-based cellular automata fire behaviour
model with a flexible and user-friendly modelling envi-
ronment; and (2) Evaluate the performance of the GIS-CA
model by comparison with the fire spread simulations
from Prometheus, a national Canadian fire modelling
tool.

2, Fire behaviour modelling and cellular
automata

Mathematical fire behaviour models consist of a set of equa-
tions whose solution gives numerical values for one or more
variables such as the rate of spread, flame height, igni-
tion risk or fuel consumption that change through time or
space. Based on the nature of the equations, these models
can be classified as physical (theoretical), empirical (sta-
tistical) and semi-empirical (Pastor et al,, 2003). Further,
based on the variables studied, mathematical models can
be divided into fire spread models and fire front properties
models.

Fire simulation techniques can be divided into two gen-
eral categories, those based on regular grid systems and those
based on continuous planes (Richards, 1995; Pastor et al., 2003).
Bond percolation and cellular automata (regular grid or cel-
lular) and elliptical wave propagation (continuous plane) are
among the most widely used techniques for wildland fire sim-
ulations. The two techniques differ in how they represent
the landscape and the criterion used to simulate fire growth
(Albright and Meisner, 1999; Pastor et al., 2003).

With the increase in popularity of computerized mod-
elling, the use of cellular models to simulate fire growth as
discrete processes on a regularly spaced landscape grid has
been a common approach (Finney, 2004). A number of stud-
ies have been reported in the literature dealing with cellular
models. Among the first is the study by Kourtz and O’Regan
(1971) and Kourtz et al. (1977) using the bond percolation pro-
cess. Other studies include the transfer of fractional burned
area (Karafyllidis and Thanailakis, 1997; Richards, 1988), frac-
tal algorithms (Clarke et al., 1994), and stochastic percolation
techniques (Beer and Enting, 1990; Hargrove et al., 2000). Berjak
and Hearne (2002) improved on Karafyllidis and Thanailakis’s
(1997) model by incorporating the Rothermel’s (1972) semi-
empirical forest fire spread model. De Vasconcelos et al. (2002)
based their model on Rothermel’s model (1972, 1983) and some
extensions of the BEHAVE program (Andrews, 1986) using the
object-oriented discrete event specification (DEVS) formalism
(Ziegler, 1990).

In the vector or wave propagation models, the fire front
is propagated at specified time intervals as a continuously
expanding fire polygon (Finney, 2004). This simulation cri-
terion is based on the Huygens wave propagation principle
(Anderson et al., 1982). These models assume an ellipsoidal
shape for fire growth. In fact, the simple ellipse is the most
common model for fire shape under uniform conditions con-
sidering forest fuels, weather and topography (Van Wagner,
1969).

According to French (1992) and Finney (2004), under
more heterogeneous environmental conditions (e.g. temporal
changes in fuel moisture, wind speed and direction, vary-
ing topography) cellular models are generally less successful
than wave propagation models in reproducing the expected
spatial patterns of fire growth. In fact, some present opera-
tional fire modelling tools such as FARSITE (U.S.) (Finney, 2004),
Prometheus (Canada) (Prometheus, 2004) and SiroFire (Aus-
tralia) (Coleman and Sullivan, 1996) are based on the elliptical
wave model.
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In the Prometheus model, the inputs include topographic
data such as slope, aspect and elevation, fuel types of the
Canadian Fire Behaviour Prediction (FBP) System (Forestry
Canada Fire Danger Group, 1992), and the weather stream.
Fire behaviour outputs are calculated using the Canadian Fire
Weather Index (FWI) (Van Wagner, 1987) and the FBP Systems
which constitute the two primary subsystems of the Canadian
Forest Fire Danger Rating System (CFFDRS).

The FBP System is an empirical model. By integrating the
major factors influencing forest fire spread, it provides quan-
titative estimates of certain fire behaviour characteristics for
16 major fuel types in Canada based on topography, daily and
hourly weather data and certain components of the FWI Sys-
tem as inputs. Primary outputs of the system include rate of
spread and direction, fuel consumption, head fire intensity
and fire type (e.g. surface, crown) (Forestry Canada Fire Danger
Group, 1992; Lee et al., 2002).

This study focuses on developing a deterministic short-
range CA-based fire behaviour model with simple and intuitive
transition rules. Modeling of fire spread under heterogeneous
conditions is specifically addressed by incorporation of fire
characteristics calculated by the empirical FBP System. The
study improves on previous cellular automata models by uti-
lizing unique and specific deterministic transition rules that
enable detailed accounting of fire spread within and between
cells as well as synchronization of fire spread with wind and
slope directions in a realistic manner. Further, a GIS-based
modelling tool with an end-user interface is created to pro-
vide a flexible environment for modelling and facilitating the
visualization of simulation results. A direct comparison of
the cellular and wave approaches of fire spread modelling is
provided, as well a critical analysis of the results and their
importance in regards to other CA modeling techniques is
presented.

3. Methodology

The state of each cell in the CA model is a function of the
states of the neighbourhood cells. In this study, a Moore neigh-
bourhood consisting of the eight adjacent cells is considered
(Fig. 1(a)). The state of each cell at time t is defined by the
proportion of the cell burning (ratio of the burning area to
the total cell area). Hence, the state of a cell ranges from
0 (unburned) to 1 (completely burned) along a continuous
scale.

The CA transition rules are based on the assumption that
fire can spread from a neighbouring cell to the central (i, j) cell
only when the neighbour cell is completely burning (i.e. has
a state of 1) as shown in Fig. 1(b) for the (i, j — 1) neighbour.
Once the (i, j) cell is ignited, the fire travels through the cell
according to the cell’s rate of spread vector that consists of
the speed of fire (ROS) and its direction of travel (RAZ) obtained
from the FBP System.

The FBP System is used as the basis of the cellular automata
model to provide access to the equilibrium fire spread rate and
direction in each cell by accounting for the fuel type, topo-
graphic and weather factors. Given the empirical nature of
the FBP model and its validation for the major fuel types in
Canada, the fire spread rate and direction derived from this

(a)
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Fig. 1 - (a) CA Moore neighbourhood; (b) fire spreading from
west neighbour to (i, j) cell, arrows indicate the fire spread
vector.

model are considered valid within each cell. The CA transition
rules therefore model the propagation of fire between cells.

The FBP System uses 14 primary inputs classified into five
general categories, namely fuels, weather, topography, foliar
moisture content, and type and duration of prediction. Three
steps are involved in predicting the equilibrium head fire rate
of spread (Forestry Canada Fire Danger Group, 1992; Hirsch,
1996): (1) a basic rate of spread is calculated based on empirical
data for each fuel type; (2) the interactive effect of both slope
(azimuth and steepness) and wind (direction and speed) on the
rate and direction of fire spread are calculated; 3) the above
rate of spread is modified to account for the amount of fuel
that is available for combustion in the entire fuel complex.

The state of the (i, j) cell at each time step At is calculated
using trigonometry. The magnitude of the appropriate com-
ponent of the velocity vector is calculated based on RAZ and
ROS. Multiplication of the calculated speed by the time inter-
val results in the distance of travel of fire inside the cell in the
desired direction and consequently the area burned at the end
of the time interval.

Cases involving fire traveling east (west neighbour burning)
and northeast (southwest neighbour burning) are discussed
below in more detail. The spread of fire from the remain-
ing six neighbours namely northwest, north, northeast, east,
south and southeast to the (i, j) cell follows the same logic
as the above two cases. Each direction has its own unique
range of angles (inside (i, j) cell) used for the calculations of
the speed component and distance traveled at each time step.
Table 1 summarizes the range of angles permitting fire to
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Table 1 - Range of fire direction angles permitting fire

spread inside (i, j) cell based on location of burning
neighbour

Fire spread from Range of angles permitted for fire

neighbour spread inside (i, j) cell
Northwest 90° <RAZ <180°
North 90° <RAZ<270°
Northeast 180° <RAZ < 270°
West 0°<RAZ < 180°
East 180° <RAZ <360°
Southwest 0° <RAZ<90°
South 270° <RAZ <90°
Southeast 270° <RAZ < 360°

spread inside the (i, j) cell based on the location of the burning
neighbour.

3.1. Fire spreading east from the west neighbour

Fig. 2(a) and (b) depicts the case of fire spread to the (i, j) cell
from an adjacent westerly neighbour. Fire travels in the (i, j) cell
(i-e. has a positive easterly component) only if the direction of
travel (RAZ) is greater than 0° (north) and less than 180° in this
cell. For case (a) where 0<RAZ <90°, the east component of
velocity vector, ROS_East (m/min), which represents the speed
of fire traveling east is given by:

ROS_East = ROS * sin(RAZ) (1)
and in case (b) where 90° <RAZ <180°, speed is derived by:
ROS_East = ROS x* sin(180 — RAZ) 2

The distance of travel (due east) after one time step is cal-
culated by multiplying the horizontal speed by the elapsed

(a)

ij-1

(b)

ii-1

Fig. 2 - Fire spreading east for (a) 0 <RAZ <90°; (b)
90° <RAZ <180°.

time:
Ax; = ROS_East * At (3)

where Ax; is in meters and At is in seconds. After each time
step, the distances moving east are summed until the fire
reaches the other side and covers the whole cell. The area
burned at time t is calculated by multiplying the distance trav-
eled east by the cell size.

3.2.  Fire spreading northeast from the southwest
neighbour

Fig. 3 indicates the case of fire spread to the (i, j) cell from its
diagonal southwest neighbour. Fire travels in the (i, j) cell (i.e.
has positive easterly and northerly components) only if the
direction of travel is greater than 0° and less than 90° in this
cell. Speed (m/min) of fire traveling east is given by:

ROS_East = ROS * sin(RAZ) )

and distance (m) traveled east after one time interval (second)
is:

Ax; = ROS_East x At (6)

Speed of fire traveling north is calculated by:

ROS_North = ROS * cos(RAZ) (7)

while distance traveling north after one time interval is given by:

Ayt = ROS_North x At (8)
After each iteration, the distances moving east and north

are individually summed until the fire covers the entire cell.

The total surface area of the cell burned at time t is calculated
by multiplying the horizontal by vertical distance of fire travel.

RAZ Ay

i+1, j-1

Fig. 3 - Fire spreading northeast for 0 <RAZ <90°.
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(a) Axy
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time interval = Ax; - Ay,

i+1, j

() Area burning:
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EAxy

. Area buming (NE_net area):
(NEAy, - NAY) * (NEAx, - EAx)

Ny, * CellSize

i+1, j-1 i+1, j

Fig. 4 — Overlap of burning areas from (a) east and north
moving fires (b) east, north and northeast moving fires.

3.3. Accounting for overlaps of the burning areas

Once the fire spreads to the (i, j) cell from two or more adja-
cent neighbours, there will be an overlap of the burning areas.
When calculating the state of the cell, summing the burned
areas contributed from fire entering the cell from different
sides would result in an overestimation of the area burned.
This overestimation would affect the validity of the model by
simulating a faster spread of fire and hence overestimation of
the total area burned. These overlaps are subtracted from the
total area burned. Fig. 4(a) gives an example of the overlap for
fire moving from south and west throughout the cell.

Adding the contribution of fire from a diagonal neighbour
to the above situation would result in a more complex over-
lapping problem as depicted by Fig. 4(b). If the horizontal (i.e.
NE_Ax;) and vertical component (NE_Ay;) of the fire traveling
northeast (contribution from southwest neighbour) are larger
than the horizontal component of the east moving (E_Axt) and
vertical component of the north moving (N_Ay) fire, then a net
burning area (NBA) (i.e. NE_net area in Fig. 4(b)) will need to be
accounted for and added to the areas contributed from west
and south directions. Consequently the NE_net (m?) within the
(i, j) cell in the case of fire spread from west, southwest and
south is:

NE_net = CellSize x (EAX; + NAY:) + (NEAy; — NAyy)

#(NEAXt — EAXt)) — (EAXt % NAyy) ©)

The overlap of the diagonal NE moving fire with the north
and east moving fire was also calculated. Subtraction of the

NW

A — ij +—E
NE_NetArea ‘——________‘_’
(NEAx;— EAx,) * (NEAy-NAy;)
NEOverlap b
(EAx *NAy,) / EAx, '\
! e
Sw

Fig. 5 — Calculation of the net burning area accounting for
all overlaps.

overlap did not have a measurable effect on the test simula-
tions; therefore it was not incorporated in order to reduce the
computational complexity.

It should be noted that once a cell ignites from different
sides, the fire will spread in a complex pattern and naturally its
behaviour and spread cannot be simply represented by addi-
tion and subtraction of rectangular burned areas. This method
is used here to account for the over and under-estimations in
the burned area within a cell resulting from addition of fire
spread contributions from different neighbours.

Following the same logic presented above, a universal
equation can be applied to calculate the net burning area
within the cell by accounting for overlaps and burning areas
contributed from all sides. If a neighbour is not burning, its
contribution to the (i, j) cell will be zero. Fig. 5 shows the deriva-
tion of the net burning area (NBA) (m?) for (i, j) cell which is
calculated by:

NBA(i, j) = CellSize x (EAxt + WAX + NAyt + SAyy)
+(SE_NetArea + SW_NetArea + NW_NetArea
+NE_NetArea) — SEOverlap — SWOverlap

—NWOverlap — NEOverlap (10)

3.4.  Angle limitation inside neighbouring cells

The transition rules set no limitation on the direction of fire
travel in the burning neighbouring cell, and assume spread
of fire if the direction of fire travel in the (i, j) cell is within
the determined ranges. This condition was found to overes-
timate the spread of fire to a large extent and result in fire
spread not properly following the net wind direction. In order
to ameliorate this condition, a limiting fire direction range was
placed for the burning neighbouring cell as a pre-condition
for fire spread into the (i, j) cell. Fig. 6 shows the conditions
placed on fire direction on the west and southwest neighbours
respectively. Table 2 lists the range of limiting angles for all
neighbours for head fire spread (as well as back fire spread
discussed below) for two categories of net wind speeds (WSV).
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Fig. 6 — Fire direction limits in burning neighbour allowing
fire spread to (i, j) cell: (a) 45° <RAZ <135° in west
neighbour; (b) 18° <RAZ <71° in southwest neighbour.

For example given a fire direction of 40° in a cell, the fire will
spread to its north and northeast cells only when net wind
speeds are above 20km/h.

3.5.  Low net wind conditions (gentle terrain and gentle
wind)

The above calculations assume fire spread from a cell to its
neighbour based only on the head fire spread. This assump-

315°

225s

Fig. 7 - Back fire spread to (i, j) cell for WSV > 20 km/h when
RAZ in west neighbour is 225° <RAZ <315°.

tion is valid when the net wind speed (WSV) (obtained from
the FBP System by converting slope to an “equivalent wind
speed” and combining with observed wind speed to deter-
mine the net effective wind vector) is relatively high (high
wind and/or steep slopes) in which case most of the spread
can be attributed to the head fire spread. For this scenario
in the elliptical model the fire would have a more elongated
shape. However, in low net wind conditions (low angle ter-
rain and gentle wind speed) the back and flank rates assume
more importance in the elliptical fire model and the length
to breadth ratio of the elliptical fire decreases which in turn
leads to a more rounded shape. When WSV is zero, back spread
rate (BROS) is equal to the head fire spread rate (ROS). In homo-
geneous conditions (flat ground and single fuel type) a zero
wind speed would result in a circular fire shape. As the net
wind speed increases BROS decays to a near constant, where
back fire spread will be self-extinguishing in very high WSV
conditions. A back fire spread model was developed in the FBP
System using a modified set of equations for ISI (initial spread
index derived in FWI System) and ROS (Forestry Canada Fire
Danger Group, 1992).

In order to account for some of the above changes in fire
shape with changing WSV conditions, back fire spread was
incorporated in the CA model. However, elliptical flank spread
was not accounted for. The calculations for back fire spread are
identical to the head fire spread with the difference that BROS
(calculated in FBP System) is used as the fire spread rate inside
(i, j) cell and the limiting angle range in the burning neighbour
is taken to be the reverse mirror of the angle range used for
head fire spread. Fig. 7 shows the case of the west neighbour
burning and the back fire spread into the (i, j) cell when WSV
is greater than 20km/h. In this case, if the direction of fire in
the west neighbour is between 225° and 315° then there will
be a back fire spread inside (i, j) cell. Limiting angle ranges for
back fire spread for all neighbours are listed in Table 2.

In order to account for conditions of low angle terrain and
gentle wind speed (low WSV), the limiting angle ranges in the
burning neighbours are relaxed so that fire can spread with
more ease to the (i, j) cell and form a more rounded shape.
Table 2 also lists the limiting angle ranges for head fire and
back fire spread for each neighbour when WSV is greater than
10km/h and less than 20 km/h. There are no fire direction lim-
its set on neighbours when WSV values are less than 10km/h.
The WSV and angle limitation ranges are set subjectively in
order to take into account the above observations.
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Table 2 - Range of fire direction angles inside neighbouring cells permitting fire to spread to the (i, j) cell

Neighbour High net wind speeds (WSV > 20) Low net wind speeds (10 < WSV < 20)
Head fire spread Back fire spread Head fire spread Back fire spread
Northwest 108° <RAZ <161° 288° <RAZ <341° 90° <RAZ <180° 270° <RAZ < 360°
North 135° <RAZ <225° 315° <RAZ <45° 90° <RAZ <270° 270° <RAZ <90°
Northeast 198° <RAZ <251° 18°<RAZ<71° 180° <RAZ <270° 0°<RAZ <90°
West 45° <RAZ <135° 225° <RAZ <315° 0° <RAZ <180° 180° <RAZ < 360°
East 225° <RAZ <315° 45°<RAZ<135° 180° <RAZ < 360° 0°<RAZ <180°
Southwest 18° <RAZ<71° 198° <RAZ <251° 0° <RAZ<90° 180° <RAZ <270°
South 315° <RAZ <45° 135°<RAZ <225° 270° <RAZ <90° 90° <RAZ <270°
Southeast 288° <RAZ <341° 108° <RAZ < 161° 270° <RAZ < 360° 90° <RAZ < 180°

4. Development of the integrated GIS-CA
modelling tool

The integrated environment was developed using the Idrisi
Kilimanjaro GIS software (Clark Labs, 2004) and the Visual
Basic programming language. Idrisi is fully component
object model (COM) compliant and so by using its appli-
cation programming interface (API) it is possible to use
any COM-compliant programming language to create custom
applications as well as develop and integrate new modules
within Idrisi (Clark Labs, 2004).

The base logic of the incorporation of CA modelling in
the GIS software is the ASCIl/raster file conversion and the
input/output of files by the GIS and programming environ-
ment in a seamless manner. A raster data layer is composed
of a matrix of cells with a numeric value assigned to each cell.
The raster image is converted to an ASCII grid text file (auto-
mated by calling Idrisi’s conversion function) which in turn is
read and stored in a two-dimensional array in the program-
ming environment (also automated programmatically). The
parameters of the ASCII file (number of rows and columns in
the text file header) are parsed and used to dimension the
two-dimensional array.

In the case of modelling natural processes with com-
plex dynamics such as fire propagation, several factors such
as topography, vegetation, etc. are important and their val-
ues need to be accessed in each cell in order to be able to
implement some of the complex mathematical models. This
constitutes a relaxation of traditional CA rules where sole
reliance on the state of neighbouring cells (e.g. burning) and a
measure of suitability for the particular cell is not adequate.

Given that any raster image can be stored in a two-
dimensional array, the GIS raster layers of all the factors
involved in the environmental model can be stored in two-
dimensional arrays which in turn will provide access to the
values of these factors for each individual cell. All the GIS
raster layers used in the model are geo-referenced to the same
geographical area and have the same resolution and dimen-
sions. For example, elevation, slope, and fuel type raster layers
can be stored in arrays elevArray, slopeArray, and fuelArray; this
provides access to the slope, aspect and fuel type values of
each cell in the CA grid. Specifically the values of elevation,
slope and fuel type of (i, j) cell will be elevArray (i, j), slopeArray
(i, j), fuelArray (i, j) and so on as presented in Fig. 8.

The programming language provides considerable flexibil-
ity in choosing the neighbours of each cell (e.g. type and size)

and implementing complex transition rules. The result after
the desired number of time steps (iterations) is written to a
text file from the fire array (programmatically) and converted
to a raster image (by calling Idrisi’s conversion function) to
be visualized in GIS. During the simulation, this method cre-
ates a final output of stacked raster layers in the GIS where
each layer represents the spatial change after the desired time
interval.

The method of stacking raster layers is a standard way of
visualizing dynamic processes in GIS. An improvement to such
visualization is made by initially specifying and displaying a
base layer (e.g. fuel type, DEM, aspect, etc.); and at the end of
each desired time interval the output (fire) raster layer is con-
verted to a vector layer which is added to the base raster map
(automated as above by calling Idrisi’s functions). Consecutive
addition of vector layers after each time interval to the same
base map results in a dynamic animated simulation. Fig. 9
presents a flow diagram of the steps involved in the GIS-CA
model integration.

4.1.  Development of the user interface
An intuitive, flexible, and user-friendly interface was devel-

oped to make the model accessible to a wider audience who
might not have GIS expertise (e.g. fire managers, researchers).

Elevation
- ‘/.r"' :

elevArray()

Slope

Fuel type

4

slopeArray() fuel Array()

eIevArray(i._j)_
slopeArray(i,j) Colj

fuel Array(i,j) NN RN,

////////7
[ [ [ ] ] ] 7]7

Row i

[ [ [ ] ]]]
NN RN NN

[ [T/

Fig. 8 — Accessing values of individual cell characteristics.




78 ECOLOGICAL MODELLING 210 (2008) 71-84

GIS

Simulation Model

Input GIS
raster data
layers

grid text files

Convert to ASCII

(call GIS export
function by program)

Read and store
layers in 2D arrays
programmatically

R

Exccution of CA fire
simulation
program

Overlay new fire
polygon over base
raster layer after
cach time interval

Convert to GIS layer
(call GIS import
function by program)

Write new fire layer
output to ASCII
grid at desi

q

A

i
i
i
i
i
i
time intervals '
i
i
i
]
i
1

Fig. 9 - Flow diagram of GIS-CA model integration: all input and output data are stored in a working folder; simulation is
automated by making function calls to GIS and by programmatically reading and writing ASCII grid files.

This allows the end-user to take advantage of the essential
GIS and modelling functionality without the need for inter-
action with the software tools. The user interface for the fire
behaviour model is categorized into logical sections to provide
the user with options for data input, simulation timing and
visualization. The user form can be positioned at any location
on the Idrisi interface as shown in Fig. 10. This allows simulta-
neous interaction with the interface and the outcome results
generated.

IDRISI The Kilimanjaro Edition

File Display GIS Analysis Modeling Image Proc

sing Reformat DataEntry ‘Window List Help

4.1.1. Data input

The model inputs are selected by the user from the drop-down
combo boxes. These inputs are raster layers (or corresponding
ASCII text files) of fuel type, slope, aspect, and the fire ignition
(starting position of fire which can be point, line or polygon).

4.1.2.  Simulation timing
The weather text file (data stream) is also selected by the user
together with the simulation start and stopping time. The
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Fig. 10 - Fire behaviour model user interface.
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program accesses the weather records corresponding to the
chosen period and incorporates the current hourly values for
the weather factors (e.g. wind speed and direction). As the sim-
ulation progresses, the corresponding values for each hour are
used. The desired iteration length (time step) is selected by the
user. The iteration length should be selected such that dur-
ing each time step the distance of fire travel does not extend
beyond one cell length. The case of expanded neighbourhoods
is not considered in this study as the fire spread across more

Fire Model Inputs

Topography
Fire Ignition
Fuels

Weather

Simulation Timing

Fire start & end times

Iteration length

Visualization Parameters

Simulation base layer

Interval display timing

Simulation Output

Dynamic fire perimeter

expansion in GIS

Fig. 11 - Steps involved in running the modeling tool.

than one cell in a time step can propagate aggregation errors
into the model outcome. In general a smaller time step would
provide more realistic results.

4.1.3. Visualization

The user has the option to view the dynamic simulation of
fire spread on top of a desired base raster layer (e.g. fuel type,
DEM, aspect, etc.). An Idrisi symbol file can be used to render
the chosen base layer. There is an option to choose dynamic
animation on top of the base layer or to stack the raster lay-
ers. The fire layer can be rendered with various symbols such
as solid polygon or enclosed polyline. Also, the user has the
option of displaying the intermediate results after a specified
number of iterations or just displaying the final simulation
result. For example with a 10s time step, displaying interme-
diate results after 60 iterations indicates an interval of 10 min.
The simulation results are displayed on the Idrisi interface.
The user can use the 3D functionality of Idrisi to drape each
resultant layer on the 3D landscape (can be automated) or use
the 3D fly through module to interact with the landscape and
observe the simulation results from different directions and
angles. Further, the map composer of Idrisi can be used to
hide/remove any interval result or explore each interval result
individually. The burned polygon area and perimeter at the
end of a specified time interval are saved as a text file.

4.1.3.1. Current conditions. At the bottom of the form the
current conditions including the time, wind speed and direc-
tion, temperature, etc. are updated after each interval. Other
variables of interest to the user for observation during the sim-
ulation can be added to the display set. Fig. 11 summarises the
steps taken in running the modeling tool.

5. Results

The test dataset used was from the Dogrib Fire near Nordegg,
Alberta, Canada which started on 25 September 2001. This is
the example dataset documented in the Prometheus manual
(Prometheus User Manual, 2004) and was used in this study
as it contains detailed fuel, weather and fire perimeter infor-
mation for this fire. The raster data has a cell resolution of
25m. There were a variety of fuel types at the site includ-
ing Boreal Spruce, Jack Pine/Lodgepole Pine, grass, and Aspen
among others. The fire burned for 22 days. During this time,
the fire weather (FWI) indices were high and fuel moisture con-
ditions were very dry. For the first 21 days, there were normal
spread conditions with respect to the FWI indices and the fire
reached a size of 828 ha on the evening of October 15th, 2001.
On October 16th a major wind event occurred with wind gusts
of over 100km/h. The fire burned 92% of the final size in the
afternoon period, reaching a size of 9898 ha. The fire traveled
a distance of 24.6 km during this period which equates to an
average rate of spread of 30 m/min (Prometheus User Manual,
2004).

The Dogrib Fire was driven by both wind and convection.
The prevailing winds were from the southwest. The varying
topography created complex wind effects. Long-range spot-
ting also occurred where head of fire skipped from the top of
one ridge to the next leaving unburned fuel in between. Mod-
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Fig. 12 - Prometheus and CA simulations and final actual fire boundary.

elling such a complex fire is very difficult (Prometheus User
Manual, 2004) and hence three different scenarios were con-
sidered in Prometheus, each with a separate initial ignition.
Simulations performed in Prometheus provide a reasonable
growth projection. However, since wind gusts were not incor-
porated, the projection underestimated the final length (size)
of the fire (Prometheus User Manual, 2004). To account for
some of the topographic effects on wind, wind speed and wind
direction grids can be used with Prometheus. These grids can
be incorporated into the CA model as well by treating the wind
grid in a similar way as the other raster layers.

The three scenarios used in Prometheus were replicated
with the CA fire model using the same input data (i.e. fuel,
topography, weather). Fig. 12 shows the overview map of the
study area indicating the location of the three scenarios along
with the boundary of the actual burned area after the fire
event. Fig. 13(a-1) presents the simulation results for the three
scenarios with four different time intervals for each scenario.
Solid polygons represent fire perimeters for the CA model
and enclosed lines represent fire boundaries generated by
Prometheus simulations.

5.1. Scenario 1

A point source ignition is used in this scenario which was
assumed to be the actual fire location on 16 October 2001
just before the major fire spread event started (i.e. assump-
tion is that the fire polygon from previous days had already
mostly burnt out by this time). The simulation ran from 13:00
to 15:40 hours at which point the fire reached the Red Deer
River. Wind gusts between 100 and 130km/h were reported
some time after 13:00 hours.

The difference in the extent of burned area between
Prometheus and CA model simulations in this scenario may
be attributed to the fact that Prometheus accounts for accel-
eration of fire when using point source ignitions. Therefore,
it takes the fire longer to reach an equilibrium rate of spread
when the fire starts from the point source ignition using the

Prometheus simulation. On the other hand, the CA model at
this time assumes equilibrium fire spread rate for all ignition
sources (i.e. point, line, and polygon).

5.2. Scenario 2

Although southwest winds were prevalent during this fire
event, the funnelling of the wind along the Red Deer River
and through a gap in the mountains pulled the fire slightly
towards the southeast. A new line source of ignition is used to
represent the fire spotting across the river. Spotting distances
of up to 2km were observed. This simulation ran from 15:40
to 17:20 hours.

5.3. Scenario 3

This scenario represents the start of spot fires across the sec-
ond ridge with a new line source ignition at 1720 hours. The
simulation was run until 22:00 hours for a total time of 4h
40 min. At this time the fire stopped spreading.

6. Model evaluation

The visual inspection of the generated simulation maps indi-
cate a good agreement between the CA model and Canadian
fire growth model (Prometheus, based on the more compu-
tationally intensive elliptical wave propagation principle) in
complex heterogeneous conditions. The CA results indicated
that it is more sensitive to variations in conditions (e.g. fuel,
slope, aspect) at the cell level and can assume more irregular
shapes in response to these variations as opposed to the wave
model’s more compact elliptical shapes.

Following the above observation, a test was conducted
to confirm the relative sensitivity of the two modeling
approaches at the cell level. Fig. 14 compares the response of
the two models to changes in topography under homogeneous
fuel and zero wind conditions. Simulations were done for a
line ignition source situated along a valley bottom with higher
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Fig. 13 — Dogrib fire simulations comparing CA model vs. Prometheus, Scenario 1: (a) 40 min; (b) 80 min; (c) 120 min; (d)
160 min, Scenario 2: (e) 20 min; (f) 40 min; (g) 60 min; (h) 100 min, Scenario 3: (i) 20 min; (j) 80 min; (k) 160 min; (1) 280 min.

grounds to the left and right (steeper slope and highest point
to the right). Solid polygons represent fire perimeters for the
CA model and enclosed polylines represent the Prometheus
simulations. The CA simulations are more sensitive to slight
changes in topography where the fire moves towards steeper
contours and consequently the fire assumes a more irregular
shape (as seen rushing up the steepest part of the hill to the
right). The Prometheus simulations show more regular growth
shapes without acute response to changes in topography. In
the CA model, the fire spread on flat ground (i.e. low WSV) is
less in comparison to Prometheus.

The CA model with current transition rules responds well
to the conditions of high net wind (WSV) conditions (where
head fire spread is the main driving force of the fire) as well
as heterogeneous fuel types. However, the CA model’s per-
formance decreases in more homogeneous fuel conditions
and lower WSV (i.e. gentle slope and/or gentle wind) where

the back and flank rates assume more importance and the
length to breath ratio of the elliptical fire decreases. In order
to address the low WSV conditions the transition rules are
relaxed, and for WSV zero condition (flat ground and single
fuel type), the angles are set so that fire travels in the most
direct direction in all eight neighbouring cells. Further, in a
homogeneuos fuel condition and flat ground with the wind
blowing from one of the four cardinal directions perpendicu-
lar to a line of fire, the CA simulation of a line fire would result
in a rectangular shape, while more diagonal wind directions
would result in a parallelogram. These shapes do not correlate
fully with the general ellipsoidal shapes that are characteristic
of homogeneous conditions.

The case of homogeneous conditions with gentle wind
speed can be addressed by developing a sub-model for these
conditions and integrating it with the present model. In
addition, an established model such as Anderson’s (2002)
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Fig. 14 - Comparison of CA model vs. Prometheus simulations with changes in topography under homogeneous fuel and
zero wind conditions: (a) initial ignition line; (b) 60 min; (c) 120 min; (d) 180 min; (e) 240 min.

short-range cellular model or the elliptical wave model can
be integrated and used to model fire spread under these con-
ditions.

7. Discussion and conclusion

This study confirms the potential of the CA approach for fire
behaviour modelling; more systematic tests utilizing all the
FBP fuel models under a variety of weather and topographic
conditions need to be conducted. Moreover comparisons with
a variety of real fire events are required before a definitive
statement on the validity of the CA model can be made.

The empirical nature of the FBP model served as the basis
of the CA model limits the applicability of the model to
regions with the specific FBP or similar fuel types. However,
the present CA model can be regarded as a generic simula-
tion technique that can be based on other physical, empirical
or semi-empirical models. This in turn would enable further
exploration of the model in other ecosystems and evaluation
of this CA approach against other established wave propa-
gation or CA models. For example a comparison with the
FARSITE (Finney, 2004) wave model can be accomplished by
the use of Rothermel’s (1972) semi-empirical model and other
sub-models that form the basis of FARSITE’s simulation tech-
nique. Similarly the performance of the CA model against the
Australian SiroFire (Coleman and Sullivan, 1996) wave model
can be evaluated by employing McArthur’s (Noble et al., 1980)
empirical model which forms the basis of SiroFire.

By providing an effective way for integration of CA-based
modelling with GIS, the approach developed in this study can
be adopted for use in other CA-based environmental mod-
elling applications. The GIS software allows the use of any
COM-compliant programming language. The modeling tool
can be added as a customized module within Idrisi GIS. Fur-
thermore, the interface can be designed to provide the general
user with automated access to extensive GIS functionalities
of Idrisi; and a variety of tools in support of modelling activ-
ities such as spatial analysis, remote sensing image analysis,
spatial data management, decision support, and visualization
among others can be made accessible to the user within the
same environment.

Direct comparisons of the validity of different simula-
tion techniques can be drawn only on the basis of the same
fuel and fire characteristics models and based on applica-
tions to real fire events. Therefore, it is not a trivial task to
compare the superiority of one simulation technique against
another where they utilize different fuel and fire character-
istics models or employ different types of transition rules
(e.g. deterministic versus stochastic). However, some general
observations of CA simulation techniques can be made based
on comparison of such transition rules.

The developed CA model in this study employs a deter-
ministic simulation technique similar to those of Karafyllidis
and Thanailakis (1997) and Berjak and Hearne (2002). Ber-
jak and Hearne improved on Karafyllidis and Thanailakis’s
model; therefore some specific improvements over Berjak and
Hearne’s model are presented below. Further, general advan-
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tages of the new CA model not considered in other CA fire
studies are noted.

Berjak and Hearne, similar to this study, calculate the frac-
tion of the cell burned after a discrete time interval. In their
study, empirical slope, wind and fuel heterogeneity factors
appropriate for the local conditions were incorporated in order
to modify the rate of fire spread attained by Rothermel’s (1972)
model for homogeneous, flat and windless conditions. How-
ever, in their model the effect of slope direction (i.e. aspect) is
not taken into account, and furthermore the combined effect
of aspect and wind direction providing the fire spread direc-
tion within each cell is not considered. Such omission would
prevent the use of vector components as employed in this
study. Whereas in this study the net wind direction (aspect
and wind) can be anywhere between 0 and 360 degrees, in
Berjak and Hearn’s model wind direction is only restricted
to the eight major compass directions. Again such restriction
prevents finer calculations of fire spread direction within and
between cells.

In general two techniques have been employed in this
study, which are not observed in Berjak and Hearne’s as well
as other CA models. First, a limiting fire direction range for the
burning neighbouring cells was applied as a pre-condition of
fire spread to the central cell. This technique was successful in
synchronization of the spread of fire with the net wind direc-
tion. Second, the overlap of burning areas within a cell as the
result of fire spread contribution from multiple neighbours is
accounted for. Both techniques were found to be very effective
in preventing overestimation of fire spread area.

As evident from existing fire simulation models, determin-
istic models that take into account complex interactions of
fuel type and moisture, topography and weather factors, are
effective in modeling short term fire behaviour. Short term fire
modeling is based on the assumption that the input mete-
orological data are accurate and reliable (Anderson, 2002).
However, due to the inability to accurately predict weather
conditions beyond few days (Smagorinsky, 1967), determin-
istic rules will not be adequate in calculating medium to
long-range fire behaviour. Therefore, with the broadening of
scale in space and time, and consequent lack of detailed
input data, some studies suggest incorporation of probabilis-
tic, stochastic, or self-organized criticality rules (Ito, 2005;
Anderson, 2002; Song et al., 2001).

Similarly some wildland fire characteristics such as spot-
ting may not be adequately explained by deterministic rules.
Therefore, a combination of deterministic and stochastic
(Clarke et al., 1994) rules may be used to develop a more com-
prehensive model. For example, during extreme fire events
involving torching of trees and crown fires, the existing
deterministic spread between cells can be augmented by
introducing stochastic rules for the travel of fire brands, where
cells downwind of the current fire perimeter can act as new
points of ignition during the next time step.

Finally it should be noted that it is imperative for sim-
ulation models to have a validated fire behavior model
incorporating weather, topography, and vegetation as their
basis in order to provide the essential fire characteristic inputs
needed for simulation. Simulations with good results in hypo-
thetical conditions (Encinas et al.,, 2007; Cormas, 2007; Li
and Magill, 2001; Karafyllidis and Thanailakis, 1997) with-

out using such empirical, semi-empirical or physical models
may not produce realistic results when applied to real fire
events.
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