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Introduction

It is gen er ally ac cepted that the for est fire re search is the prob lem of great sig nif -
i cance. Burn ing pro cess in wild na ture is a com mon phe nom e non, but the im pact of mas -
sive for est fires on en vi ron ment re sults in se vere dam age to nat u ral re sources and eco log -
i cal con di tions. De vel op ment of a sys tem, which al lows pre dic tion of for est fire be hav ior
pro vides a highly de sired tool for fire fight ing prac tice. It has a po ten tial to min i mize sup -
pres sion time and cost, and over all fire loss. For est fire is a very com pli cated phe nom e -
non for in ves ti ga tion. Any large for est fire (as the for est it self) is a unique phe nom e non
oc cur ring in a me dium of un cer tain lo cal con di tions. The ob jec tives of pres ent re search
are laid within rather wide frame of the prob lem of for est fire mod el ing. The fi nal pur pose 
of for est fire mod el ing is the es ti ma tion, with rea son able ac cu racy, of the fire’s per im e ter
prop a ga tion in time and space, along with other pa ram e ters, such as fire in ten sity at the
lead ing edge and re sponse time of sup pres sion equip ment. A sig nif i cant num ber of stud -
ies have been de voted to for est fire re search with the em pha sis on dif fer ent as pects of in -
ves ti ga tion, such as:
– fire spread model predicting local flame propagation rate as a function of forest fuel

parameters, terrain and weather conditions,
– forest fuel classification, based on forest inventory data, providing parameters

affecting the fire spread process,
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– algorithm for approximation of fire perimeter to simulate fire propagation process and 
its interaction with fire suppression equipment, and

– overall design of the forest fire prediction computer code as an integral part of a
general forest monitoring system with high level of compatibility between mapping
and database processing. 

The rec og nized de vel op ments for fire growth sim u la tions, em ploy ing the
geografic in for ma tion sys tem (GIS) tech nol ogy, are: BEHAVE – Fire Be hav ior Pre dic -
tion and Fuel Mod el ing Sys tem [1-6] and FARSITE – Fire Area Sim u la tor [7-9].

Here with, our con tri bu tion to this “chal leng ing, in trigu ing, and poorly funded
field of re search” [10] is pre sented with pri mary in ten tion to trace the above men tioned
steps, stress ing the weak spots and out lin ing the ways to the pos si ble ways for im prove -
ment.

Fire spread model

First, a math e mat i cal model is to be de rived to pre dict fire lo cal spread rate. A
sig nif i cant num ber of fire spread mod els re lated to for est fires has been pro posed (see a
com pre hen sive re view by Weber [11]). Ac cord ing to the clas si fi ca tion [11], sta tis ti cal,
em pir i cal, and phys i cal mod els are dis tin guished. Typ i cal ex am ple of the em pir i cal
group is the Rothermel’s model [12], on which both the BEHAVE and FARSITE codes
are based. In pre sented study, the model of Telitsyn [13-17] is used, which has been de -
vel oped es sen tially on the phys i cal ba sis in the spirit of ap proaches pro posed by Emmons 
[18], Albini [19], van Wag ner [20], and Thomas [21].

The sketch of fire spread model is shown in fig. 1. The en ergy bal ance in a fuel
bed mov ing with a steady ve loc ity R is ex pressed in gen eral form as:

q S R C T T QM hS
S

Sdò = - +r[ ( ) ]0 (1)

Since radiation is assumed here to be dominant heat transfer mechanism, the heat flux is
expressed by the Stefan-Boltzmann law:

q T T= -es( )F S
4 4 (2)

The other heat trans fer mech a nisms
(due to con duc tion and con vec tion, in clud ing
tur bu lence), which are gen er ally not neg li gi ble
could be ex pressed (with a cer tain de gree of un -
faith ful rep re sen ta tion) in terms of ra di a tion heat
flux in tro duc ing an ap pro pri ate value of the
emissivity e in eq. (2) un less a dis agree ment in
phys i cal be hav ior would be found out. Here, this
has been done as the emissivity is de ter mined
from the ex per i men tal data on fire spread rates.
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Figure 1. Physical fire spread model



By the pri mary con cept em ployed in a model [15], the two modes of heat flux are dis tin -
guished: the “in ward” (glow ing) ra di a tion de scrib ing heat trans fer in side a fuel bed, and
the “out ward” (ex ter nal or flam ing) one cor re spond ing to heat flux from the flame zone
ab sorbed by the fuel’s sur face. Thus, the l. h. s. of the in te gral in eq. (1) is writ ten as:

q S q h q LS I O
S

d = +ò F (3)

Two dif fer ent modes of heat flux cor re spond to dif fer ent phys i cal as pects of fuel 
load ing. While the in ward heat flux re lates to the over all fuel load ing  W = rh of the fuel
bed , the out ward heat flux ab sorbed on a fuel’s sur face heats up the thin fuel layer ad ja -
cent to sur face. For the lat ter case the ef fec tive fuel load ing is ex pressed as Weff = reffheff,
where reff is par ti cle den sity of the fo liage. In volv ing free path of ra di a tion in the fuel, the
ef fec tive fuel load ing can be ex pressed as:

Weff = rl (4)

where free path of radiation is determined through the correlation between fuel bulk
density, particles density, and surface-to-volume ratio: 

l =
1

n

r

r
eff (5)

Fire spread rate is then de rived from eq. (1) as:
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The model has been tested [15] us ing large amount of avail able ex per i men tal
data, which sug gests the fol low ing ap prox i ma tion for emissivity:

eO = 1 – e–0.16D (7)

eI = 1 – e–0.16(L + 0.4) (8)

where width of burning zone D and flame length L are considered as characteristic
parameters of large-scale flame. Apparently, the dependence of emissivity upon the both
parameters shows the same correlation for both introduced modes of heat flux, but some
correction factor (0.4) is included into the formula for inward radiation emissivity, eq.
(8). This coefficiente applies for the case of fire of minimal intensity (for example, the
fire spreading downward along a vertical layer of fuel or fire spreading opposite to the
strong wind) where flame length over the fuel surface becomes negligible and outward
heat flux vanishes in eq. (6). Such fire spread process is governed by heat transfer from
glowing ember to virgin fuel.

261

Karpov, A. I., et al.: GIS-Based Computer Code for the Evaluation of forest ...



The ad di tional cor re la tion for burn ing zone width, flame an gle fac tor, an gle it -
self, buoy ancy-gen er ated ve loc ity, flame height and flame length are es ti mated as fol -
lows [13, 15]:

D l
L

= +
e

e
O

I

F
(9)

F =
+1

2

cosg
(10)

cosg =
+

U

U V2 2
(11)

V = 2.5H0.5 (12)

H = AH(WR)0.5 (13)

L
H

=
sing

(14)

Other pa ram e ters of eq. (6) are as sumed to be con stants as shown in tab. 1.
Non-lin ear eqs. (6)-(14) were solved by

suc ces sive sub sti tu tions to pre dict the fire
spread rate. The con ver gent so lu tion has been
ob tained for the whole range of in ves ti gated
in put data. The co ef fi cient AH in eq. (13) has
been es ti mated [15] from the com par i son of
cal cu lated re sults with the avail able ex per i -
men tal data. As a re sult, the val ues of AH from
2 to 7 were ob tained, de pend ing upon the fuel
type.

Field ob ser va tions of the ef fect of wind on
the for est fire spread rate dem on strated the
nearly lin ear de pend ence [16]:

R R U= +* ( )1 (15)

where R* is the spread rate in “no-wind” conditions which is determined from eqs. (6),
(10), and (11) as:
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From anal y sis of eqs. (6), (15), and (16) one should note that lin ear de pend ence
ex pressed by eq. (15) is can hardly be ex pected as a ex plicit cor re la tion, but such an as -
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Table 1. Constant parameters of model

Sym bol Value Unit

TF 1200 [K]

TS 573 [K]

T0 293 [K]

C 1400 [J/kgK]

Q 26000 [J/kg]

s 5.6·10–8 [W/m2K4]



sump tion is usu ally con sid ered rea son able due to the na ture of de pend ence of flame an gle 
fac tor upon wind ve loc ity through eqs. (10) and (11).

For the pre dic tion of lo cal fire spread rate, eq. (6) re quires in put in for ma tion on
lo cal fuel prop er ties such as mois ture, fuel load ing and den sity. For real for ests, these pa -
ram e ters are not nor mally avail able as con tin u ous func tions in time and space. Hence,
some dis crete clas si fi ca tion for fuel types is to be in tro duced. 

Classification of fuels types

The next step to ward the de vel op ment of prac ti cally ap pli ca ble model is get ting
over the gap be tween char ac ter is tics re quired to cal cu late the fire spread rate and in for -
ma tion on for est prop er ties avail able from in ven tory data. There is a num ber of ap -
proaches avail able (for ex am ple [4-9, 22-26]), us ing ei ther an early adopted purely
su per vised eval u a tion, or an in te grated im ple men ta tion (as sum ing cer tain share of un su -
per vised anal y sis) of GIS data for es ti mat ing veg e ta tion char ac ter is tics ac cord ing to the
ac cepted fire be hav ior model.

Fol low ing the lat ter ap proach [17], the for mula for fire spread rate is ex pressed
as:

R = k1(k2 – 1)(1 + k3Um + k4) (17)

Here k2 is the fire danger index, k1 the “basic” spread rate, k3 the coefficient accounting
for the effect of wind on the spread rate, Um the wind velocity obtained from
meteorological data, and k4 the coefficient accounting for the effect of terrain slope.

The com bi na tion of fac tors con tain ing k1 and k2 in eq. (17) rep re sents the spread
rate R* in the ab sence of wind as de fined by eq. (16). Un like bulk den sity and fuel load ing
which can be as sumed con stant for a spe cific fuel , the mois ture con tent is a func tion of
weather con di tions. Ac cord ing to the reg u la tions of the Fed eral For est Agency of Rus sia
(which are used in the pres ent study, fire dan ger in dex is counted by in te ger num bers
from 1 (zero prob a bil ity of fire) to 5 (max i mal fire dan ger). In a phys i cal sense, higher
val ues of fire dan ger in dex de crease the mois ture con tent M and thus in crease the fire
spread rate, eq. (6). Since the typ i cal de pend ence of fire spread rate upon the mois ture has 
low cur va ture pro file (e. g. [27]), it is as sumed that the fire dan ger in dex it self has a lin ear
in flu ence on the spread rate. The “ba sic” spread rate is de ter mined from eq. (16) us ing the 
fuel prop er ties such as bulk den sity, fuel load ing and mois ture con tent cor re spond ing to
“ba sic” con di tion, i. e. the fire dan ger in dex equal to 2. 

The sim pli fied al go rithm for fuel clas si fi ca tion pre sented in fig. 2 is an at tempt
to com bine di rectly the in ven tory data and fire spread model. At pres ent stage, the anal y -
sis is lim ited to spring and fall con di tions as most fire dan ger ous sea sons. Hence, the ef -
fect of green fuel com po nent is ex cluded and crown prop er ties are de ter mined by co nif er -
ous spe cies only. Ac cord ing to eq. (17), the two pa ram e ters, k1 and k3, have to be
es ti mated. It is as sumed here that the “ba sic” spread rate  k1 is af fected mostly by the
under wood prop er ties, such as a type of dom i nant spe cies and its den sity. The ef fect of
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wind ve loc ity on the spread rate is de scribed by the co ef fi cient k3, which de pends upon
the can opy clo sure of co ni fers. Both co ef fi cients are di vided into four cat e go ries, which
give 16 pos si ble fu els types. How ever, not all of them can co-ex ist (e. g, a com bi na tion of
high can opy clo sure and dry under wood spe cies). To tally 12 types have been dis tin -
guished as in di cated in tab. 2.

       Table 2. Parameters of fuels classification

No.
Co nif er ous can opy

clo sure [%]
k3

Under wood
k1 [m/h]

Type of spe cies Den sity

1 0-20 1.0 Non-moist Any 12

2 0-20 1.0 Moist Low 10

3 0-20 1.0 Moist Mod er ate 4

4 0-20 1.0 Moist High 2

5 20-40 0.5 Non-moist Any 12

6 20-40 0.5 Moist Low 10

7 20-40 0.5 Moist Mod er ate 4

8 20-40 0.5 Moist High 2

9 40-60 0.3 Non-moist Any 4

10 40-60 0.3 Moist Any 2

11 60-80 0.1 Non-moist Any 4

12
60-80 0.1 Moist Any 2

80-100 0.1 Any Any 2

Approximation of fire perimeter

Two ap proaches are gen er ally used for the mod el ing of fire per im e ter growth,
namely, the point tech nique [28] and the curve ex pan sion al go rithm [29-31]. First of
them, de spite hav ing con cep tual sim plic ity of cod ing, faces con cep tual dif fi culty in de -
scrib ing fire spread be hav ior, mainly due to a lim ited num ber of di rec tions for fire prop a -
ga tion [8] if con ven tional or thogo nal grid is used. There fore, we use the sec ond ap proach
based on the Huygens’ wave let prop a ga tion prin ci ple, which has been ap plied for mod el -
ing of wildland fire by An der son et al. [29], and the de tailed tech nique of el lip ti cal prop a -
ga tion of fire front as pro posed by Knight and Coleman [30]. 

Briefly, each fire per im e ter point is con sid ered as a source of fire, prop a gat ing
in de pend ently within a pre scribed time step Dt. Pa ram e ters of each el lipse de pend on the
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lo cal fuel prop er ties and weather con di tions at a given point at the fire front at time t. The
outer en ve lope formed by these el lip ses de fines the lo ca tion of fire front  Ft + Dt at time t +
+ Dt. Pa ram e ters of the el lipse with the fo cus lo cated at the or i gin of the co or di nate sys -
tem and x-co or di nate co in cid ing with di rec tion of max i mal ve loc ity of fire spread are ex -
pressed as:

( )x c

a

y

b

-
+ =

2

2

2

2
1 (18)

b a c= -2 2 (19)

Pa ram e ters a and c are de fined through the fire spread rates as:

a = RfrontDt – c (20)

c
t

R R= -
D

2
( )front back (21)

where front and back fire spread rates are derived from eq. (17):

Rback = k1(k2 – 1) (22)

Rfront = k1(k2 – 1)(1 + k3Um + k4) (23)

The algorithm for the approximation of the new fire front Ft + Dt is described in full detail
in [7]. Finally, some specific features describing low curvature, moderately, and sharply
convex modes as well as an optimization procedure to overcome possible complicated
situations (concave points, internal loops, and overlapping of fire perimeters), should be
employed [7].

Framework of the computer code

Gen eral scheme of the de vel oped com puter code for the pre dic tion of for est fire
be hav ior is pre sented in fig. 2. The code is based on the GIS, which is cre ated as a mon i -
tor ing and op er at ing tool for the man age ment of for est re sources. Two parts of the GIS,
the map lay ers and the in ven tory da ta base are in puts into the GIS graph i cal in ter face al -
low ing prob lem ori ented maps to be cre ated by da ta base pro cess ing. The fuel types map
is cre ated by us ing the data anal y sis cor re spond ing to the fuel clas si fi ca tion de scribed
above. As vec tor lay ers and fuel data are brought into the GIS in ter face, the fuel types
map con tain ing the for est area of spe cific lo ca tion and of ap pro pri ate scale is cre ated.

This map is trans ferred into the fire sim u la tion code in the form of ras ter layer
where the in for ma tion on fuel prop er ties and co ef fi cients k1 and k3 – eq. (17), are stored as 
pixel’s col ors cor re spond ing to fuel types in tro duced in tab. 2. Weather con di tions, an -
other in put for the fire sim u la tion code, pro vide the val ues of the co ef fi cient k2 (fire dan -
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ger in dex), as well as
wind ve loc ity and di rec -
tion. Coefficient k4 is
de rived from the in ven -
tory da ta base con tain -
ing the val ues of slope
and as pect.

Example of fire
spread simulation

Fig ures 3-5 pres ent
the re sults of fire spread 
pro cess sim u la tions and 
si mul ta neous con struc -
tion of fire-break line.
An a lyz ing the fi nal lo -
ca tion, one can eval u ate 
the fire sup pres sion tac -
tics cho sen (fig. 5).
While the up per branch
has been built up prop -
erly, the lower one con -

tra dicts the safety reg u la tions be cause of very close lo ca tion of the lead ing edge of fire
front and act ing fa cil ity.
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Figure 2. Framework of the computer code

Figure 3. Fire perimeter distribution during
the first day of propagation 

Figure 4. Fire perimeter distribution during
the second day of propagation. The fire-
-break line is begun to be built up



Concluding remarks

The pur pose of pre sented study has been an ar range ment of the com puter code
for for est fire be hav ior pre dic tion. Both for mu la tion of fire spread phys i cal model and de -
tails of pro gram ming im ple men ta tion were pre sented. Ap par ently, there are a num ber of
pos si ble im prove ments on the way to wards the much more com pre hen sive pre dic tion
sys tem. The pre sented fire spread model, de spite be ing based on fun da men tal phys i cal
prin ci ples, re quires a lot of em pir i cal in for ma tion, which could only be ob tained through
the field ob ser va tion of for est fires. How ever, some of such cor re la tions can be re placed
rather eas ily by more ad vanced mod els. Thus, eqs. (10)-(14) de scrib ing heat trans fer in
flame zone would be re placed by two-di men sional par tial dif fer en tial equa tions of mo -
men tum, en ergy, and mass bal ance, which is de scribed in de tail [32] mech a nisms of ra di -
a tive and con vec tive heat trans fer as well as ef fects of buoy ancy and tur bu lence. Fur ther,
clas si fi ca tion of for est fuel types can be im proved by in tro duc ing ad di tional in for ma tion
from in ven tory data such a pro cess ing of a de scrip tive “for est type”. Fi nally, the in te grat -
ing of re mote sens ing tech nique into the fire sim u la tion code [33] is to be con sid ered as a
most prom is ing di rec tion of re search.

Nomenclature

C –  specific heat of fuel, [Jkg–1K–1]
D –  width of burning zone, [m]
H –  flame height, [m]
h –  thickness of fuel bed, [m]
k1 –  coefficient in eq. (17), [ms–1]
k2, k4 –  coefficient in eq. (17), [–]
k3 –  coefficient in eq. (17), [sm–1]
L –  flame length above fuel surface, [m]
l –  free path of radiation, [m]
M –  moisture content of fuel, [%]
Q –  heat of vaporization, [Jkg–1]
q –  heat flux, [Wm–2]
R –  rate of fire spread, [ms–1]
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Figure 5. Fire perimeter distribution during
third day of propagation. The construction of
the fire-break line is finished



T –  temperature, [K]
U –  wind velocity, [ms–1]
V –  buoyancy velocity, [ms–1]
W –  fuel loading, [kgm–2]

Greek symbols

g –  angle between flame and fuel's surface, [rad]
e –  emissivity, [–]
n –  surface-to-volume ratio, [m–1]
r –  bulk density of fuel, [kgm–3]
s –  Stefan-Boltzmann constant, [Wm–2K–4] 
F –  flame angle factor, [–]

Subscripts

0 –  initial
eff –  effective
F –  flame
I –  inward
m –  meteorological data
O –  outward
S –  surface
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