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Abstract—In this paper, we are introducing a GIS-based
approach for forest fire growth modelling. This work has been
carried out in close cooperation with a fire brigade. It is based
on data obtained on the ground and on theoretical features,
e.g. Drouet-Thornthwaite’s formula and the elliptical fire shape
hypothesis, whose relevance has been proven for Mediterranean
landscapes. The corresponding model has been implemented
in the framework of a forest fire suppression management
system. Indeed, these interventions imply severe timing con-
straints. Therefore, mathematical modelling has been simplified
as much as possible in order to minimize computing times. This
approach allows us to make the corresponding software tool fully
operational. Hence, an information fusion step turns out to be a
suitable approach taking into account the various geographical
and meteorological data that must be considered in the model.
Keywords: forest fire modelling, forest fire suppression,
geographic information system (GIS), cellular automata.

I. INTRODUCTION

Forest fires are among the worst catastrophes that can
devastate the forest ecosystems. The annual number of forest
fires in the Mediterranean region of the European Union is
estimated at approximately forty thousand, and between five
hundred thousand and one million hectares are consequently
devastated by the flames. Therefore, the different countries
concerned have defined strategies according to their respective
means. Moreover, fire fighting activities and fire prevention
generally depend on historical and cultural features and are
then specific to each country.

Thus, we describe in this article a model for forest fire
growth which is part and parcel of an integrated software sys-
tem called Asphodèle. This GIS-based software environment
is the result of a partnership between the University of Savoie
and a fire brigade. At the present time, this system is widely
used in the South of France. In this framework, and although
it addresses a very complex problem, fire simulation can be
a great help in forest fire suppression management since it
is generally the cornerstone of any decision support process.
However, in order to be fully operational, it has to fulfill strong
timing constraints imposed by the outline of the command.

II. FOREST FIRE SUPPRESSION MANAGEMENT

A. Tasks related to forest fire suppression

The management of the fight against a wide forest fire
can involve up to several thousand firemen and hundreds of

vehicles supported by water bombers (planes and helicopters).
Therefore, fire suppression is a very complex activity which
implies various tasks. Among these are:

• A careful analysis of the characteristics of the interven-
tion zone: relief, vegetation, access roads, high voltage
lines, houses, etc.

• The management of all the human and material means
deployed on the ground, from the time they have been
required up to their disengagement: this implies a huge
amount of communications between the command post
and the units involved in the intervention.

• Data collection during the intervention in order to follow
the evolution of the fire: this makes possible an evaluation
of the results obtained according to the implemented
strategies.

• The communication with the staff headquarters and the
civilian authorities.

B. Command posts

In our setting, the aforesaid tasks are coordinated from a
mobile command post, i.e. a heavy truck especially equipped
for that purpose. Moreover, the load of involved information
makes the use of digital data processing essential: this includes
dedicated software systems running on laptops (see Fig. 1) and
communication through computer networks (command posts
are generally parked close to the telephone network and can
be easily connected to it).

Fig. 1. Laptops in a command post c© JG Bouillon/SDIS 06.
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C. Tactical situations

Among the functionalities provided by the Asphodèle soft-
ware system, a dedicated graphical editor allows the operator
to capture and to manage the evolution of tactical situations
(see Fig. 2).

Fig. 2. A tactical situation c© SDIS 06.

These are completely similar to numerical battlefields used
in the military context. Therefore, they are made of a set of
dedicated graphical items dispatched onto background maps,
e.g. geological survey maps or aerial photographs, in order to
offer a synthetic view of the situation on the ground. This in
particular includes:

• The characteristics of the fire: ignition point, contour(s),
main and secondary axes of spread, etc.

• The location of fixed means: fire hydrants, filling stations,
hospitals, etc. as well as that of mobile means: tankers,
logistics, command posts, medical units, etc.

• The actions in which the fighting units are engaged on
the ground.

Among these, the different areas covered by the fire, which
are specified by means of their respective contours, are the
basic input data that have to be considered by the simulation
process. Moreover, the preventive dropping of water and fire
retardant must also be taken into account.

III. FOREST FIRES MODELLING AND SIMULATION

Basically, there exist three different kinds of models dedi-
cated to forest fire simulation [8]:

• Theoretical approaches [7] that aim at modelling, in an
analytical way, the physical phenomena involved. In spite
of the fact that they are very promising, these works are,
at least for the moment, hard to apply to actual forest
fires: on the one hand they require extensive sets of infor-
mation and on the other hand, they are generally based on
partial derivative equations systems. Thus, the computing
times usually required to solve these equations are hardly
compatible with operational constraints. Indeed, these are
often comparable to the delays implied by the underlying
physical phenomena.

• Empirical approaches are based on information collected
during real forest fires. The most archetypical step of this
sort is the Canadian Forest Fire Behaviour Prediction
System [4] which gathers data obtained from about forty
thousand fires since the 1920s.

• Semi-empirical approaches represent a middle way be-
tween the two previous ones: simplified theoretical mod-
els are parameterized with data obtained through expe-
rience. The leading contribution, from Rothermel [12],
has had a strong influence on many subsequent models
and software tools [3], [9]. Moreover, it is worth noting
that semi-empirical approaches are closely related to the
climatic context they are intended for [2], [6]. Thus,
a model designed for Canada has almost no value in
Australia.

In fact, the thing that all these theories have in common is
that forest fire spread depends on numerous variables, among
which the main ones are:

• The direction and the velocity of the wind.
• The nature and the density of the fuel as well as its water

content.
• The temperature of the air.
• The relief: a fire spreads faster uphill than downhill.

Furthermore, and although they cannot be faithfully intro-
duced in the models, some unpredictable events, such as pine
cone projection up to several hundred meters from the fire
front line, can have a huge influence on fire growth.

IV. FOREST FIRES SPREAD MODELLING IN ASPHODÈLE

A. Operational constraints

The modelling and simulation approach described in this pa-
per cannot be considered apart from the rest of the command’s
outline. Moreover, it has to address the three following issues:

• The model must be relevant for Mediterranean land-
scapes.

• Simulations are performed in times of crisis generally in-
volving high velocity wind, severe drought and potential,
or even actual, threats against the population.

• The corresponding software tool must run efficiently on
laptops.

In fact, and as stated above, simulation is an essential
feature in the decision support process. Consequently, starting
from one or several initial fire contours, the software system
must provide the resulting contour(s) at a given term. Such a
functionality can be used with the two following goals:

• The determination of the areas that could be threatened
by the fire within a given delay: this specifies the time
available to protect sensible areas or, if necessary, to
evacuate people.

• The calculation of the expected duration necessary to
reach a given point on the ground: this is used in partic-
ular to estimate the delay available for the organization
of a front line with the objective of stopping the fire by
means of a head-on attack.
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With regard to the second point, it should be mentioned that
the time required to redeploy the mobile means on the ground
according to a new strategy is about two hours. In such a
framework, the results of the simulation have to be provided
to the officer at the head of the intervention within a delay
not exceeding a quarter of an hour. The fact that our system
had to abide by this strong timing constraint was a deciding
factor in our step, i.e. in the elaboration of the model described
hereafter.

B. Geographical information

The available geographical information, provided by a GIS,
consists of:

• An altimetric database: the landscape is represented as a
2-D array of cells, the dimensions of which are 50m x
50m. At each cell is associated the corresponding altitude.
This database is in particular used in Asphodèle for the
display of 3-D views of the operating zones.

• Wind maps (see Fig. 3) that synthesize the effect of the
relief on the wind. We have a whole set of maps according
to the ranges of possible directions of each dominant wind
and with various velocities. The wind maps are 2-D arrays
of cells of dimensions 150m x 150m. It is worth noting
that the two kinds of grids, i.e. the altimetric database
and the wind maps can be exactly superposed. Therefore,
each cell of a wind map exactly encompasses nine cells
of the altimetric database.

Fig. 3. An example of wind map c© SDIS 06.

C. An information fusion step

Our simulation model uses both geographical and meteoro-
logical data: the former are provided by a GIS whereas the
latter are subject to constant updates. In terms of fire spread
modelling, we resort to three key-concepts:

• Drouet-Thornthwaite’s formula which provides an eval-
uation of the rate of spread in function of different
meteorological parameters, in particular the wind. This
formula has been designed by J.C. Drouet (unpublished
work) after Thornthwaite’s works [13] on the relationship
between soil and vegetation water contents.

• The elliptical shape hypothesis: according to many au-
thors [5], [10], [11], the contour of a fire which is subject
to the influence of the wind can be approximated by an
ellipse. The long axis of this ellipse is then assumed to
be parallel to the direction of the wind.

• The overall fire spread is managed by means of a cellular
automaton [1], whose cells are those of the altimetric
database.

In this setting, our step can be split into four different
phases:

• For any given cell of the cellular automaton belonging to
the contour of the fire, we first calculate the local rate of
spread vector.

• On the basis of this local rate of spread, we elaborate an
ellipse supposed to shape the local fire. Then, by means
of radial projections according to this ellipse, we define
the respective rate of spread vectors on the four axes of
the cellular automaton that cross the concerned cell.

• The different resulting rates of spread are then respec-
tively weighted by specific coefficients in order to take
into account the influence of the slope and of the vege-
tation.

• The final contour of the fire is then calculated by the
cellular automaton.

By and large, this approach may be regarded as an informa-
tion fusion step insofar as its successive phases mix various
geographical and meteorological data by means of theoretical
features which metaphorically act as a crucible. Among these,
the Drouet-Thornthwaite formula and the elliptical shape hy-
pothesis bring a determining contribution by the fact that they
are closely related to the applicative field we are dealing with.
Thus, the fusion process of these data leads to a computational
model whose performances are in conformity with the timing
constraint referred to above.

D. Calculation of the local rate of spread

Let us consider a cell C of the cellular automaton. Once the
direction and the velocity of the global wind has been fixed,
the corresponding wind map provides the analogous data for
the local wind, i.e. that related to the cell C.

Moreover, with the proviso that the wind has a predominant
role in fire spread, we assume that the direction of the local
rate of spread vector, is the same as that of the local wind.
Then, according to Drouet-Thornthwaite’s formula, the norm
of this vector, calculated in meters per hour, is given by:

|�Sv(Ta, Sw, Wv)| = 180 ∗ e0.06∗Ts ∗ tgh(100−Sw

150 )

∗(1 + 2 ∗ (0.8483 + tgh(Wv

30 − 1.25))) (1)

the function tgh being the hyperbolic tangent and where:

• Ts is the temperature in the shade, given in Celsius.
• Sw is the soil water supply, expressed in millimeters.

On examination of this formula, we can deduce that no
fire ignition is possible if this variable reaches the value
of 100 mm. Beyond this threshold, the rate of spread
has, theoretically, a negative value. Again, this must be
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interpreted by the fact that no fire ignition or spread is
possible.

• Wv is the wind velocity in kilometers per hour.

Some examples of data obtained by application of this formula
can be found below (see Table 1).

TABLE 1

Application of the Drouet-Thornthwaite formula

Ts (◦C) Sw (mm) Wv (km.h−1) Sv (m.h−1)

26 50 20 453
30 30 60 1881
34 10 60 2943

It should also be noted that, as one would expect, the speed
of the fire increases with the temperature, the wind velocity
and the level of drought. Moreover, a forest fire is regarded as
fast by the firemen if its rate of spread exceeds 1500 m.h−1.

E. Radial projection of the local rate of spread vector

Again, let us consider a cell C of the cellular automaton. In
the previous section, we calculated the local rate of spread
vector �Sv(Ta,Sw,Wv) in the direction of the wind. Now, by
application of Drouet-Thornthwaite’s formula with the value
zero for the variable Wv, we get the norm of a second
vector �Sv(Ta,Sw,0) which represents the local rate of spread
orthogonally to the wind. These two vectors define an ellipse,
one focus of which is both the common origin of the vectors
and the center of the cell C (see Fig. 4).

Fig. 4. Radial projection on the axis [NE-SW].

Let us now pay attention to the four axes [N-S], [E-W], [NE-
SW] and [NW-SE] that cross the cell C: we are free to consider
the radial projection, according to the local ellipse, of the main
rate of spread vector on these different axes.
For instance, if we consider the axis [NE-SW], represented
in Fig. 4, and the angle θ between this one and the vector
�Sv(Ta,Sw,Wv). We can state that the norm of the radial projec-
tion �RNE−SW is given by an equation in the form:

|�RNE−SW | =
p

1 + e × cosθ
(2)

with p =|�Sv(Ta,Sw,0)| and e = |�Sv(Ta,Sw,0)|
|�Sv(Ta,Sw,Wv)| − 1.

Therefore, we can argue that |�RNE−SW | is but the fire’s rate
of spread along the axis [NE-SW]. Moreover, we can make the
same calculation for the three other axes. Consequently, we
get four rates of spread (or possibly three if the direction of
the local wind exactly matches one of the four axes), each of
them being related to a given vertex of the cell C. In function
of the respective rate of spread, this gradually leads to the
firing of the four corresponding neighboring cells (see Fig. 5).

It should also be noted that, basically, no opposite-wind
fire spread is considered here. This is in conformity with the
overall context of this work since our model is only intended
for crisis situations involving high velocity winds.

F. Influence of the slope and of the vegetation

Both slope and vegetation have a strong influence on fire
spread. Some authors [15], [16] combine the effect of wind
and slope under the form of a vectorial sum, whereas others
[14] consider the action of the slope separately. In all cases, it
is acknowledged that the speed of the fire increases with the
slope to such an extent that with an angle of 20 degrees, the
speed is supposed to be multiplied by 4.

At this stage of our work, the influence of the wind has
already been considered through Drouet-Thornthwaite’s for-
mula. Thus, following the example of many authors, we take
into account the effect of the slope by means of multiplicative
coefficients which are applied on the concerned rates of spread.
These coefficients, which can be calculated in function of the
angle α with the horizontal, are defined [14] by the following
equation:

Cslope(α) = e 0.0693×α (4)
Experimentally, the resulting coefficients have turned out to
be relevant both for spread uphill and downhill. Let us also
note that the coefficients given by:

Cslope downhill(α) = 1 − 0.330× α + 0.000749× α2 (5)

that have been designed with the goal of being specifically
used in case of spread downhill [14], i.e. for negative values
of α, have not proven to be suitable in our framework.

We now turn to the effect of the vegetation. We manage
this issue as we did for the slope, i.e. again we resort to mul-
tiplicative coefficients. Thus, we have divided the landscape
into five different kinds of areas according to their presumed
flammability and of their sun exposure: each area is then
assigned a given coefficient ranging from 0 for non-flammable
zones to 1 for flammable zones with sun exposure at South,
East or West (see Table 2).

Typical examples of non-flammable zones include vine-
yards, golf courses or areas where important amounts of fire
retardant have been dropped. Of course, a more accurate
approach in the definition of the flammability coefficients
should involve a detailed inventory of the different vegetable
species on the ground and such a task is presently in progress.
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Unfortunately, it is made fairly difficult because of the extreme
heterogeneity of the vegetation in the Mediterranean scrub.

TABLE 2

Flammability coefficients

non-flammable low-flammable low-flammable flammable flammable
with sun with sun with sun with sun
exposure exposure exposure exposure

N S, E, W N S, E, W

0 0.5 0.65 0.8 1

G. Fire spread modelling in the cellular automaton

Let us consider three cells of the cellular automaton, namely
C1, C2 and C3, whose respective centers are the points A1, A2

et A3.
To continue from the previous sections and on the assump-

tion that the cell C1 is on fire, we can assert that the fire
spreads, along the concerned vertices, in the direction of four
neighboring cells (see Fig. 5).

Fig. 5. Fire spread between cells of the cellular automaton.

Let us for instance focus on the cell C2 and the vertex
[A1→A2]. First, we can state that the main rate of spread
has been previously calculated for this vertex. Moreover, the
slope between the points A1 and A2 can be deduced from the
altimetric database. The resulting slope coefficient can then be
calculated and applied to the rate of spread. Then, the latter
has to be modified again by application of the flammability
coefficient which is related to the half-vertex [A1→α]. Now, we
can calculate the time taken by the fire to reach the point α
starting from the point A1.

Once the fire has reached the point α, the new rate of spread
is calculated for the half-vertex [α→A2] in the cell C2: appli-
cation of Drouet-Thornthwaite’s formula, radial projection of
the rate of spread (the focus of the corresponding ellipse is

now located at the point α), etc. and again, we can calculate
the time taken by the fire to move from α to A2.

Then, the overall process is repeated, starting from the point
A2: the cell C2 in turn propagates the fire in the direction of
four other neighboring cells (for instance C3 along the two
half-vertices [A2→β] and [β→A3]), etc.

H. Calculation of the final shape

The algorithm that establishes the final shape of the fire
at a given term is quite simple. First, we consider the set of
cells the initial fire’s contour(s) is (or are) made of. Then,
starting from these cells, we can consider the fire’s spread in
the cellular automaton according to the step described above.
This process is of course limited to the cells that are not
already on fire. When the deadline expires, we return the area
shaped by all the cells on fire.

The following is an example of a fire shape calculation:

• First, the initial contour is specified (see Fig. 6).
• Then, the estimated fire shape, after a delay of one hour

and a half, is provided by Fig. 7 (low-flammable areas
have been colored in green).

Fig. 6. Initial fire shape c© SDIS 06.

Fig. 7. Estimated final shape c© SDIS 06.
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I. Performances of the system

The simulation software system described in this paper has
been developed with a C++ environment under the Windows
XP operating system. All the geographical information is
provided by the base maps of the GIS Geoconcept. For the
time being, the system runs on an Intel Core Duo based laptop
with two Gb RAM. Thus, the final shape of a fire of 400 x 500
cells, i.e. an area of fifty thousand hectares, can be computed
without any problem within a duration of a quarter of an hour.
Consequently, we can state that these performances fulfill the
requirements of the fire suppression command-line. Moreover,
it is important to point out the fact that fifty thousand hectares
is the very maximum surface that can be burned during a
whole day in the setting we are dealing with. In fact, most
of the shapes are much smaller, and they can therefore be
computed in less than two minutes.

V. CONCLUSION

The simulation software system described in this paper has
been tested on real forest fires during the summer of the year
2007 and the experimentation phase will be continued next
summer. The comparison between actual fire shapes and those
provided by the simulation have already turned out to be fairly
satisfactory. However, the main problem we face in this step
is that the files at our disposal only include two kinds of fire
contours:

• Old contours, filed since the 1930s, but without the
corresponding meteorological data.

• Recent contours, but whose shapes have clearly been
affected by the actions of the firemen.

This will inevitably lead us to take into account more data
among those appearing in the tactical situations. For instance,
side attacks may be assumed to contain fire spread in the
corresponding directions. Furthermore, other future works may
include:

• The intention to consider carefully the inventory of the
vegetation. In fact, Drouet-Thornthwaite’s formula pro-
vides an average rate of spread under the hypothesis
of the heterogeneous vegetation of Mediterranean scrub.
However, it is well known that the intensity of a fire has a
strong influence on its spreading: the heat diffused by the
fire can dry out the surrounding vegetation before it has
been reached by the flames. Consequently, this increases
the subsequent rates of spread. This phenomenon is of
greatest importance and should thus be introduced in the
model by suitable means, such as equations based on
energy transfer [12].

• We may use more vertices than we do in the present
version of the system, with the objective of obtaining
smoother shape contours. This could be achieved by
considering fire spread in the direction of cells that stand
outside the immediate vicinity.

• In order to profit from the multi-processor based archi-
tectures of the new generation of laptops, the algorithms
could be parallelized with features such as threads.

At the end, and from a methodological point of view, it
seems to us that the work described in this article tends to
establish that a fusion process, involving a huge amount of
data, can provide accurate results when purely mathematical
oriented methods cannot be easily implemented.
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