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INTRODUCTION  

 
 
Forest fires play an important role in forming and maintaining forest 

biogeocenoses [1]. Both positive and negative impact of fires on forests is 
known [2�² 4]. An ability to foresee the occurrence of forest fire spots is very 
important. Surface fires prediction is of the highest importance because more than 
80% of all vegetation fires are surface fires [5]. Almost all crown fires develop from 
surface fires [5].  

Climate warming leads to increase in forest fire danger among other matters. The 
prediction results for the year of 2030 [6�² 8], using global climate models and 
neurocalculator have shown that, for instance, the zonal identity of many Siberian 
weather stations is subject to change [9]. Climate changes are accompanied by 
extreme deviations in seasonal weather fluctuations, which may become the reason 
for large scale forest fires [10�² 12]. On the territory of Russia, the most important 
changes happen in the West Siberian region [13] that cannot but influence the 
increase in forest fire danger here in the future. 

At present, a problem of most rational use of the funds donated for forest fire 
protection steps out. This implies creating new methods of predicting forest fires 
occurrence that must be based on mathematical models adequate to the real processes 
and corresponding to methodology and information support and computer software. 

A group of forest fire danger prediction methods is widely known and practically 
applied. The Canadian [14], American [15, 16], several South European [17, 18] 
methods should be mentioned; among them stands a Russian development �± the 
Nesterov's index [19]. The majority of approaches use meteorological data that 
characterize forest fire danger only in accordance with weather conditions. However, 
forest fire danger also depends on other factors (anthropogenic impact [20], 
thunderstorm activity [21], etc.). 

The analysis of forest fire statistics in forestries has shown that the greater part of 
forest fires in suburban forestries �R�F�F�X�U�� �G�X�H�� �W�R�� �S�H�R�S�O�H�¶�V�� �F�D�Ueless handling of fire. 
Moreover, the number of daily forest fire cases may even vary inside one forestry 
several times within a week [22]. 

Prediction modeling of forest fire danger may also be performed according to the 
forest site [23]. The research in this field by the members of the V. N. Sukachev 
Institute of Forest, Siberian Branch of the Russian Academy of Sciences (SB RAS), 
Krasnoyarsk, must be mentioned: flammable vegetation maps development [23, 24], 
experimental research in forest fuels and flammable vegetation drying [25], as well as 
field studies [26]. 

It is impossible to carry out field studies in large areas. Space monitoring enables 
to evaluate forest fire danger in accordance with meteorological conditions [27] and 
at present cannot be used to determine the probability of forest fire occurrence in 
relation to an anthropogenic impact and thunderstorm activity. Space image 
processing enables only identifying forest fire spots [28]. 

The spatial resolution of forest fire danger prediction method is of high 
importance. An approach that has a spatial resolution on the level of a minimal forest 
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mensuration unit (stratum) has already been developed. This system allows getting 
results in the forest district-quadrant system [29]. In Russia there are 1807 forestries, 
7851 forest districts [30], each forest district has ca. 100 quadrants that consists of up 
to several dozens of strata [31]. 

Furthermore, it must be mentioned that the more time the prediction leaves for 
specific actions, the more valuable it is. It is essential that the time of acquiring the 
prediction be considerably less than the period of disaster induction [20]. There arises 
a necessity to apply multiprocessor computation systems [32] and a mathematical 
apparatus for parallelizing computations [33]. 

The low spatial resolution of the weather station network complicates forecast 
acquisition [34]. 

Within the forest fire danger prediction concept [35] it is suggested to be guided 
by the interactive communication of computer software that carries out forest fire 
prediction with computational complexes of numerical weather forecasting [36]. For 
example, a global model of the atmosphere is of interest [37]. 

A range of mathematical models for drying of forest fuels layer has been 
developed by now [38�² 40]. Due to large computation load the forest fire danger 
prediction system may provide calculations in real-time mode or in a mode that 
outruns the real time of process development by means of using multiprocessor 
computation systems of high productivity. At present, a simplified mathematical 
statement of the problem on forest fuels layer drying enables working on personal 
computers in this mode [41]. 

Forest fires pollute the atmosphere with products of pyrolysis and combustion of 
forest fuels. The scale of contamination and emission rates of main pollutants from 
forest fire spots may be evaluated, for instance, with the method [42] approved and 
�F�L�U�F�X�O�D�W�H�G�� �E�\�� �5�X�V�V�L�D�¶�V�� �0�L�Q�L�V�W�U�\�� �R�I�� �(�F�R�O�R�J�\�� �L�Q�� ������������ �7�K�H�� �R�U�L�J�L�Q�D�O�� �F�R�P�S�R�V�L�W�L�R�Q�� �R�I��
substances emitted and the scenario of atmosphere pollution with products of 
pyrolysis and combustion of forest fuels are of high importance. Moreover, 
information on the distribution of pollutants in the surrounding area, especially in 
populated areas, is relevant for predicting ecological consequences of forest fires. The 
mathematical model of impurity transport above the city area with regard to the 
formation of secondary pollutants [43] (for example, ozone as a result of 
photochemical reactions [44]) is numerically realized with the assistance of parallel 
calculation technology.  

The evolution of modern information-computer technologies and the prediction 
methods of forest fire danger and their ecological consequences creates objective 
conditions for putting the science-based developments into practice of forest fire 
�S�U�R�W�H�F�W�L�R�Q���� �7�K�H�� �S�X�U�S�R�V�H�� �R�I�� �W�K�H�� �S�U�H�V�H�Q�W�� �P�R�Q�R�J�U�D�S�K�� �L�V�� �W�R�� �I�R�U�P�� �W�K�H�� �U�H�D�G�H�U�¶�V�� �F�R�K�H�V�L�Y�H��
understanding regarding the modern evaluation methods of forest fire occurrence 
conditions and their ecological consequences. A practitioner will acquire information 
on the current methods of predicting such catastrophic events as forest fires. The 
researcher will be able to evaluate the current development level of the study in 
question and plan further scientific investigations. 
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CHAPTER 1 

FACTORS OF FOREST FIRE DANGER 
 

Abstract 

The first paragraph gives information on forestry of the entire Russia and Tomsk 
Region, in particular. Regional situation with forest fires is described. Classifications 
of forest fuel accepted in Russia, the USA and Canada are considered. Such fire 
factors as thunderstorm and human activities are being discussed, as well as models 
of fuel-drying and fuel ignition. Information on numerical weather prediction and 
basics of bounder-layer theory are presented. 

 

Keywords: lightning activity, anthropogenic load, weather prediction, forest fuel, 

drying, ignition 

1.1. Forests and forestry in Russia 

The forest ecological system of the Russian Federation occupies 1,2 billion 
hectares of its territory and contains ca. 25 �����R�I���W�K�H���S�O�D�Q�H�W�¶�V���I�R�U�H�V�W���Uesources [1]. The 
Russian forests are not only economic, but also a most important ecological resource 
�G�X�H���W�R���W�K�H���5�X�V�V�L�D�Q���)�H�G�H�U�D�W�L�R�Q�¶�V���S�U�R�Y�L�G�L�Q�J���D�Q�Q�X�D�O���F�D�U�E�R�Q���V�W�R�U�D�J�H���L�Q���D�Q���D�P�R�X�Q�W���R�I��������
billion tons; its territory keeps 26% of world forests [1]. The global processes of 
regulating the environmental conditions, biodiversity, climate, river runoffs are 
largely affected by the Russian forests [1]. 

Forest ecological systems are of a very complex nature. The tasks of their 
sustainable management can only be solved in an integrated manner. At present, 
information support for the forest management system has an interdisciplinary basis. 
Land users, consumers of wood and non-wood resources and other concerned parties 
are engaged as partners to form information resources [2]. 

The main condition for effective forest management is the availability of reliable 
and comprehensive static and dynamic information on the state of the forest area. The 
institutional arrangements of forestry provide circulation of information flow 
regarding all questions on forestry, forest measurements, etc. (Table 1.1). Planned 
implementation of research and technology achievements, wide use of 
geoinformation systems and technologies, modeling and optimization techniques of 
forest management, development of information systems of various levels must 
secure intensive and integrated use of forest resources on retention of the ecological 
and genetic potential of the Russian forests [3]. 

The following forms of information are necessary in forest and forestry [4]: 
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Table 1.1. Information flow formation and movement in the Russian State Forest 
Enterprise [2] 

Information 
source Information content Aggregation 

level 
Approximate 

volume 
�,�Q�I�R�U�P�D�W�L�R�Q�¶�V��

destination address 

Forest district Original 
documents on 
anthropogenic 

activities 

Stratum, 
quadrant, 

forest district 

15 MB Forestry 

Forestry Cadastral survey, 
evaluations, forms, 

reporting, new 
mensuration 
descriptions, 
monitoring 

Stratum, 
quadrant, 

forest district, 
forestry 

100 MB Forest 
management of 
the constituent 

entity of Russia, 
state forest 

management, 
forest district, 

authorized 
organizations 

Forest 
management 

in a 
constituent 
entity of the 

Russian 
Federation 

Cadastral survey, 
evaluations,  

forms, 
consolidated 

reporting, regional 
monitoring 

Stratum, 
quadrant, 

forest district, 
forestry, 

constituent 
entity of 
Russia 

500 MB the Russian State 
Forest Enterprise,  

state forest 
management, 

authorized 
organizations 

State forest 
management 

Forest 
management 

materials, reports 
at requests of the 

Russian State 
Forest Enterprise 

Stratum, 
quadrant, 

forest district, 
forestry, 

constituent 
entity of 

Russia, Russia 

100�²  
500 MB 

Forest 
management, 

forestries, 
authorized 

organizations, the 
Russian State 

Forest Enterprise 

Authorized 
organizations 

Statistical 
reporting,  

forest inventory,  
forest monitoring, 
reports at requests 

Forestry, 
constituent 
entity of 

Russia, region, 
Russia 

0.1�²  
1.5 GB 

the Russian State 
Forest Enterprise, 

forest 
management, 

forestry 

the Russian 
State Forest 
Enterprise 

Statistical 
reporting, forest 
inventory, forest 

monitoring, 
reports at requests 

Forestry, 
constituent 
entity of 

Russia, region, 
Russia 

0.1�²  
1.5 GB 

the Russian 
Government 

 

 
1) current �²  enters and gets accumulated as a result of the daily activities of the 

enterprise or management body not only on the basis of record keeping and reporting 
but also on the basis of monitoring data; it is conventional to take in account the 
changes of the last one or two years and partially of a forest inter-management cycle; 

2) latest update �²  necessary in case of emergency situations, estimated in the 
natural habitat according to the remote sensing, compared to the current and 
monitoring information to estimate the occurring changes and take necessary 
measures; 

3) forecasting �²  based on a retrospective analysis of the area condition together 
with the current information with an obligatory use of monitoring and mathematical 
modeling data. 

�7�K�H���E�D�V�L�V���R�I���W�K�H���I�R�U�H�V�W�U�\�¶�V���L�Q�I�R�U�P�D�W�L�R�Q���V�\�V�W�H�P���L�V���D���F�R�P�E�L�Q�H�G���G�D�W�D���E�D�V�H���W�K�D�W���D�O�O�R�Z�V��
using the potential of the mensuration data bases of a relational type and 
geoinformation systems most rationally [5] to input, store, process and issue materials 
of the planning and map-�P�D�N�L�Q�J�� �V�X�S�S�R�U�W���� �7�K�H�� �P�D�L�Q�� �E�O�R�F�N�� �R�I�� �W�K�H�� �I�R�U�H�V�W�U�\�¶�V��
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information system is a stratum-type data bank. The input information for the 
stratum-type bank is provided by the materials for basic forest management updated 
at the load of the stratum-type bank in a forestry [1]. 

So far various forest managing companies and industry research centers have 
developed and put in use a range of program products for forest management and 
protection [4]. Figure 1.1 illustrates a general chart of the forecast and analysis 
system for the development of sustainable forest management projects on a forestry 
level. 

 

 
 
Figure. 1.1. A chart of the module and block structure of the forecast and analysis 
system for sustainable forestry designing [1] 
 
 

1.2. Forests and forest management in the Tomsk Region 

The Tomsk Region, its north in particular, is a fairly typical forested territory of a 
boreal zone. Its example may provide a quite general description of the conditions for 
fire occurrence. The region has vast forest resources. Forest areas cover 90.5 % of its 
total territory. There are 17 million hectares covered with woody species, including 
9.9 million hectares covered with coniferous species [6]. 

The main landscape types within the Tomsk Region are interfluvial plains and 
river valleys along with old runoff plains [7]. Interfluvial plains are represented by 
positive and negative morphostructures. The geomorphological demarcation of the 
Tomsk Region is shown on Figure 1.2. 
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Figure. 1.2. Geomorphological demarcation of the Tomsk Region [7] 

 
�7�K�H���U�H�J�L�R�Q�¶�V���I�R�U�H�V�W�V���D�U�H���O�R�F�D�W�H�G���L�Q���W�K�H���2�E���5�L�Y�H�U���E�D�V�L�Q���R�Q���D���S�O�D�L�Q���W�Hrritory with an 

excessive moistening of the territory and are essential in nature protection [6]. 
Relatively harsh weather conditions determine the rather limited species composition 
of forests. The prevailing forest-forming species are the common pine, Siberian stone 
pine, Siberian spruce, Siberian fir, silver birch and white birch, aspen and Siberian 
larch [6, 8]. The coniferous species, mainly the pine and the Siberian stone pine, form 
�W�K�H���E�D�V�L�V���R�I���W�K�H���U�H�J�L�R�Q�¶�V forest raw material resources. Clear stands are more frequent 
�L�Q���W�K�H���U�H�J�L�R�Q�¶�V���Q�R�U�W�K. 

The domineering species in the Tomsk Region is the pine. The diversity of the 
physical characteristics of soils and the degree of their wetting gives a fairly wide 
range of forest types [8] that can be grouped in the following way: lichen, green 
moss, long-stem moss, sphagnum, grass marsh, mixed herbs [6]. It should be noted 
that the most significant changes in the species composition of stands, their age-class 
composition and density are brought by forest fires and outbreaks of pest insects [9�²
11]. 

Forest fire danger in the Tomsk Region is determined by the presence of a large 
proportion of coniferous forests, well-developed flammable ground vegetation and 
hot, dry summers. The climate of the Tomsk Region is boreal-type extreme 
continental [8]. Territories with continental climate create conditions especially 
�I�D�Y�R�U�D�E�O�H�� �I�R�U�� �I�R�U�H�V�W�� �I�L�U�H�� �R�F�F�X�U�U�H�Q�F�H�� �>�����@���� �,�Q�� �W�K�H�� �U�H�J�L�R�Q�¶�V�� �I�Rrests, depending on the 
weather conditions, all three seasonal flammability peaks are registered: spring fire 
wave, constant summer and autumn fires [6]. 

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���7�R�P�V�N���5�H�J�L�R�Q�¶�V���D�Y�L�D�W�L�R�Q���I�R�U�H�V�W���S�U�R�W�H�F�W�L�R�Q���G�D�W�D���E�D�V�H�����W�K�H�U�H���Z�H�U�H��
2363 forest fire incidents recorded between 1993 and 2002 [8]. 55 to 350 fires occur 
in the region annually. Figure 1.3 presents the number of forest fires in administrative 
divisions of the region between 1993 and 2002. 
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Figure. 1.3. The number of forest fires in the administrative districts of the Tomsk 
Region between 1993 and 2002 [8] 

 
The index of the relative number of forest fire to the area of the region in question 

has a higher degree of informativeness. The highest level of flammability is 
characteristic of the Tomsk district (over 35 outbreaks of fire per 100 thousand 
hectares) (Figure 1.4). The degree of flammability of the dis�W�U�L�F�W�¶�V�� �I�R�U�H�V�W�V�� �L�V��
determined first of all by the seasonal activity of the local population and the 
properties of canopy cover [8]. This territory is distinguished by a high density of the 
rural population, its proximity to the re�J�L�R�Q�¶�V���F�H�Q�W�H�U�����W�K�H���F�L�W�\���R�I���7�R�P�V�N�����D�Q�G���U�L�F�K�Q�H�V�V��
in mushroom and berry lands. The districts of the next level in flammability are the 
Asinovsky, Verkhneketsky, Pervomaysky and (over 10 forest fire incidents per 
100 thousand hectares). The forests of the (less populated) Parabelsky, Pervomaysky 
and Kargasok are prone to the largest fire disturbance. They are characterized by a 
low fire frequency, but large firing area. It is explained by the difficulties in detection 
and liquidation of fire spots on these di�V�W�U�L�F�W�V�¶���X�Q�G�H�U�G�H�Y�H�O�R�S�H�G���D�Uea [8]. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure. 1.4. The number of forest fires per an area of 100 thousand hectares in the 
administrative districts of the Tomsk Region [8] 
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A particular feature of the forests in the Tomsk Region is the availability of 
combustible material in all stands. Surface fires develop in the region predominantly 
(98,5 %), crown fires make 1,1 % of all incidents and 12,5 % of the firing area, peat 
fires occur more rarely [6]. The annual percentage of fires for anthropogenic reasons 
is fairly stable, and fires caused by storm discharge are cyclic. Periods of mass storms 
�D�U�H�� �F�K�D�Q�J�H�G�� �W�R�� �P�R�U�H�� �T�X�L�H�W�� �R�Q�H�V���� �7�K�H�� �I�O�D�P�P�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �U�H�J�L�R�Q�¶�V�� �I�R�U�H�V�W�V�� �L�V�� �D�O�V�R��
changed substantially accord�L�Q�J���W�R���W�K�H���I�L�U�H���K�D�]�D�U�G�R�X�V���V�H�D�V�R�Q�����7�K�H���P�R�V�W���µ�I�O�D�P�P�D�E�O�H�¶��
months are June and July. The duration of the fire hazardous season according to the 
weather conditions varies between 137 and 161 days [6]. 

The reasons for forest fire occurrence in the Tomsk Region are quite different 
(Table 1.2). 

Information recording about a specific reason for forest fire occurrence of an 
anthropogenic character will allow improving the existing methods of forest fire 
danger prediction. Specifying the reasons of forest fire occurrence may be the basis 
for new developments in the field of creating a system of assimilating data on the 
level of anthropogenic in controlled forested areas. 

 
Table 1.2. Average area of forest fires in the Tomsk Region between 1993 and 
2002 [8] 

Fire cause 
Number of fires 

Number of incidents % 

Local population 1249 52.86 
Storm  891 37.71 
Timber procurer 12 0.51 
Agricultural burning 3 0.13 
High temperatures of air 1 0.04 
Locomotive 9 0.38 
Bonfire residue  1 0.04 
Electric power transmission lines 1 0.04 
Oil spill flaring 2 0.08 
Gas exhaust into the air 1 0.04 
Objects of forestry 8 0.34 
Rocket stage drop 2 0.08 
Expeditions 1 0.04 
Undetermined 182 7.70 

 

1.3. The classification of forest fuels 

The most widespread forest fuels are united into complexes [13]. 
1. Fruticose lichens and mosses. They have a significant impact on fire occurrence 

and spreading in cases of their domineering in the plant community structure and 
determine the specificity of forest type. Their participation interest in complexes of 
many forest type fuels is high; they contain a higher water capacity in broad limits 
and hygroscopicity; they are able to dry quickly; they have a structure that stimulates 
spreading of burning on them. 
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2. subshrubs and herbs. The ground vegetation with a predomination of subshrubs 
and herbs is no less widespread in the taiga zone than lichen and moss crust. It is 
characteristic of non-forested areas (cuttings [14] and burnt areas). The cover with 
predomination of herbs in Siberia and the Far East is formed as a result of thinning of 
light coniferous forest under the influence of fires. 

3. Auxiliary species and undergrowth. A dense storey that has an essential 
pyrological importance gets formed in many forest types. An increased fire danger of 
the common juniper auxiliary species is recorded. Its shrubs burn away with many 
sparks, i.e. fading needles, flying aside. The pyrological role of the auxiliary species 
is still understudied. In [13] the data on the dispersal of forests with auxiliary species 
are given, as well as the importance of the auxiliary species in fire occurrence based 
on the fire and burned area observation. 

4. Litter. Litter arouses interest in fire nature studies as a constituent part of the 
fuel vegetation complex. The available total of the litter on the soil surface is 
determined by a proportion of its formation rate and its rate of conversion into ground 
litter. A wide variation of the litter quantity is recorded in literature. 

5. Ground litter. In pedology [15], ground litter refers topsoil (�: 0) that consists of 
dead plant parts with different degrees of decomposition and loss of natural structure. 
In the taiga zone, the higher the soil moisture, the thicker the ground litter. The 
ground litter moistened by rainfall remains wet for a long time and gradually passes 
moisture to the fuels on it. It dries layer-by-layer from the top. 
6. Peat. As a natural burning object, peat is encountered as pedogenic horizon in wet 
peatland and boggy forests and as peat deposit formed by bog vegetation. Bog fires 
are substantially different from forest fires. 

7. Deadfallen wood and stumps. Deadfallen wood refers to the tree trunks fallen on 
the soil surface that have died in the process of natural thinning of stands, as a result of 
windfall, windbreak or snowbreakage. Tree litter increases after fire and pest damage 
to the stands. Stumps as combustible material are characteristic of cuttings. In case of 
low surface fires the timber of isolated deadfallen wood and stumps does not burn 
down. 

8. �6�W�D�Q�G�¶�V�� �F�D�Q�R�S�\���� �,�Q�� �F�U�R�Z�Q�� �I�L�U�H�V���� �P�R�V�W�O�\�� �Q�H�H�G�O�H�V���� �O�H�D�Y�H�V���� �O�L�Y�L�Q�J��twigs bearing 
�Q�H�H�G�O�H�V���D�Q�G���W�K�L�Q�����X�S���W�R�������P�P���I�D�G�H�G���W�Z�L�J�V���E�X�U�Q���L�Q���W�K�H���V�W�D�Q�G�¶�V���F�D�Q�R�S�\�� 

9. Tree trunks and limbs comprise a large part of the phytomass of forest 
biogeocenosis. However, in fires they burn down very rarely. Sometimes saplings 
burn in crown fires completely in dense pine sapling areas that developed on clear 
cuts that were much strewn with groundwood. In older stands, mosses and lichens 
burn on the trunks and limbs, the outer bark surface is scorched. Burning may occur 
in trunk caves with faulty wood. Stands perish in fires, but not burn down completely. 

The properties of forest fuels are of high importance for forest fire danger 
prediction. The so-called fuel models are used for their description. There is a fairly 
detailed characteristic of forest fuels types that get involved in the surface forest fire 
process. Forest fuels are plants and their decomposition remains of different degrees 
that may burn in fire [16]. All plants, living or dead, and also litter, deadfallen wood, 
ground litter, humus and hystic horizons refer to fuels in forest biogeocenosis in 
practice. 
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The classification of forest fuels may contain three levels [17]: 
a) the classification forest fuels elementary parts that include separate plants from 

ground vegetation, auxiliary species and undergrowth, lowly shrubs, morphological 
tree parts (limbs, branches, windfall), etc.; 

b) classifications of simple complexes (forest fuel layers) inside biogeocenoses; 
c) the classification of biogeocenoses as compound forest fuels complexes. 
In the American national fire danger evaluation system (first NFDRS-72, then 

NFDRS-78) all forest fuels are divided into two main categories: living and dead. It is 
considered that the living plants are always able to support their high moisture 
content, whereas the moisture content of the dead forest fuels depends on the 
processes of their moistening and drying under the influence of weather conditions 
[18]. Such a division is just for the main US territory, since its forests almost lack the 
lichen and moss crust. In Rus�V�L�D�¶�V�� �E�R�U�H�D�O�� �]�R�Q�H�� �O�L�F�K�H�Q�� �D�Q�G�� �P�R�V�V�� �F�U�X�V�W�V�� �D�U�H�� �T�X�L�W�H��
widespread, so the American division for this territory is incorrect [17]. 

The dead forest fuels in the USA are divided into four classes: light, medium, 
heavy, and very heavy fuels, depending �R�Q�� �W�K�H�� �³�W�L�P�H�� �O�D�J�´�� �Y�D�O�X�H���� �$�� �W�L�P�H�� �O�D�J�� �L�V�� �D��
period of time during which there is a loss of two thirds of moisture that can 
evaporate in the standard conditions of the air environment from this sample (layer) 
of forest fuels. It must be mentioned that the time lag is a constant value for the given 
forest fuels sample (layer) and does not depend on its moisture content. To Class One 
(1-hour time lag fuel) belong the forest fuels with an average time lag of 1 hour (0�²
2 hours). It is usually sphacelated herbaceous plants and dried wood particles with a 
diameter of 6 mm�H�[�u�q�g�h. Class Two (10-hour time lag fuel) contains forest fuels 
with an average time lag of 10 hours (from 2 to 20 hours). It is usually dead fallen 
branches with a diameter of 6 to 25 mm. The remaining fuel classes from the point of 
view of surface fire occurrence prediction are not the scope of our interest and we 
will not consider them in detail. 

In this classification the living forest fuels exclude all the plants and their parts 
with a diameter of more than 6 mm. The living fuels able to actively burn and sustain 
their burning (needle-foliage Marsh Labrador tea, heather) must be distinguished. 

The American system also classifies forest fuels ground layer in accordance with 
time lag. To Class One (1-hour time lag fuel) belongs the upper litter layer with a 
thickness of up to 6 mm; to Class Two (10-hour time lag fuel) belongs the litter 
(ground litter) layer in a depth of 6 to 25 mm; t Class Three (100-hour time lag fuel) 
belongs the ground litter layer in a depth of 25 to 100 mm; to Class Four (1000-hour 
time lag fuel) belong the layers of ground litter, peat, earth humus in a depth of 100 to 
300 mm. 

The drying rate of litter and ground litter layers depends on both the depth of their 
arrangement and their soil moisture regime. The American system does not mention 
moss and lichen layers. 

The Canadian system of CFFDRS [19] chooses a three-layer complex of forest 
fuels as a standard for fire danger evaluation according to the weather conditions 
[20]; this complex corresponds to the ground vegetation consisting of green pinnate 
moss with pine needle litter at a fairly deep lower layer of the ground litter. The 
ground vegetation indicated is quite typical for the forests widespread in Canada. The 
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Canadian standard complex of forest fuels is similar to the one used for the 
development of the Russian forest fire indications of dryness [21, 22]. It is a cover of 
green mosses in pine forests on drained soils having three layers: 1) the upper moss 
layer with a thickness of 3�² 4 cm, 2) the lower moss layer with a thickness of 2�²
4 cm, 3) the ground litter layer with a thickness of 2,5�² 4,5 cm. 

The layers of forest fuels are also classified in accordance with their spatial 
location in biogeocenoses [17]. Some Russian pyrologists distinguish three layers of 
which the middle layer is of interest for us (the layer that has mosses, lichens, small 
litter, sphacelated grass) since it is affected by fire sources. Meanwhile, [23] 
distinguishes nine full storeys in the forest area structure (including the atmosphere 
layer). 

The Canadian classification divides the forest fuels into three large groups: 
1) ground fuels, humus, peat, roots; 2)  surface fuels, including foliage, needle and 
grass litter, small shrubs, large windfall; 3)  crown fuels that contain limbs with 
needles and foliage and dead fallen branches [24]. In the USA, forest fuels are 
divided in accordance with both their location in biogeocenosis and the burning 
possibility and type of spreading on them [25]. 

In N. P. �.�X�U�E�D�W�V�N�L�\�¶�V�� �F�O�D�V�V�L�I�L�F�D�W�L�R�Q�� �>�������� �����@�� �L�W�� �L�V�� �Q�R�W�� �R�Q�O�\�� �W�K�H��location in 
biogeocenosis that is considered when dividing all the forest fuel layers into groups, 
their function in fire is also viewed. All forest fuels are divided into three categories 
[13]: 1) burning conductors, 2) burning supporters, 3) burning suppressors. 

Burning conductors are such forest fuels that form continuous layers on which 
burning may spread. It is mainly layers of mosses, lichens and small , plant debris 
(litter, dead grass, groundwood). They conduct flame combustion in surface fires. 

Moreover, if the deposit of vegetating grass in an absolutely dry condition 
surpasses the deposit of dead grass, flame combustion is impossible [27]. The leading 
role in surface fire occurrence and spreading play forest fuels of Category I. This 
group is divided into 11 types of ground vegetation [28] in connection with 
geobotanical biomorphocycles. However, ground vegetation types, quite varying in 
geobotanical characteristics, may be homotypic in pyrological characteristics [17]. 
Later this classification was improved by dividing 10 pyrological types of lichen and 
moss and dead crusts [29]. Furthermore, classifications were offered by E. V. Konev 
[30], A. P. Yakovlev [31] and M. A. Sheshukov[32, 33]. 

For the physical-mathematical and predicting modeling of forest fire theory 
problems, including forest fire danger evaluation, thermophysical characteristics of 
the forest fuel layer are of a high importance, along with that thermokinetic constants 
of drying and pyrolysis processes of forest fuels must be considered [34]. There were 
attempts to develop a theoretically justified approach to the forest fuels classification 
[17] and count the data on the physical properties and calorific ability of different 
types of forest fuels [13]. Typical examples may be illustrated with the results of 
observing the fire maturation of the main burning conductors in the following 
regions �²  the Leningrad Region, Arkhangelsk Region, the European part of Russia, 
Tomsk Region [35], Gorny Altai, Krasnoyarsk Angara Region, Evenkiya, Western 
Syan and the crest of Tannu-Ola in Tyva, Krasnoyarsk forest steppe, the crest of 
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Khamar-Daban in Buryatia, Chita Region, South-West of Yakutia, South of the 
Khabarovsk Region. 

For both evaluating the natural fire danger of biogeocenoses, and calculating the 
possible development of forest fires [17] the data on forest fuels deposits are 
necessary [13, 30, 36]. Using the maps of flammable vegetation, it is possible to 
predict forest fire prevention [37]. 

It is considered that a timely clean burn is the main method of facility protection 
from large forest fires. However, one should not forget of an emergency situation in 
Los Alamos (forests on an area over 20000 ha were perished, 500 houses in the city 
were burnt, the work of Los Alamos National Laboratory was practically stopped) 
�>�����@���� �7�K�H�� �I�L�U�H�� �U�H�D�V�R�Q�� �Z�D�V�� �S�U�H�Y�H�Q�W�L�Y�H�� �E�X�U�Q�L�Q�J�� �R�I�� �W�K�H�� �U�H�P�D�L�Q�V�� �R�I�� �G�U�\�� �S�U�H�Y�L�R�X�V�� �\�H�D�U�¶�V��
vegetation. The technology of anticipatory clean burn should be used in connection 
with prediction modeling and evaluation of the condition of forest fuels and 
flammable vegetation at a particular moment. 

Identifying the type of the main burning conductors may be carried out in three 
ways [39]. 

1. Defining types of the main burning conductors in strata through forest types in 
mensuration description. The accuracy of definition in this case is not high since all 
the enclosures referred to one forest type automatically acquire the typical (same) 
pyrological characteristic�����+�R�Z�H�Y�H�U�����³�W�\�S�L�F�D�O�´���H�Q�F�Oosures are not frequent [39]. 

2. Defining types of the main burning conductors also through forest types 
recorded in the mensuration description. However the connection between the types 
of the main burning conductors and forest types is discovered as a result of special 
field research. 

3. The characteristic of strata according to the types of the main burning 
conductors is made exactly at ground mensuration or at decoding air photographs. 

The analysis of the pyrological evaluation in the Chunoyarskiy Forestry through 
the first two ways [39] has shown that the mensuration strata are not homogeneous in 
forest pyrolysis characteristics. Around 30 % of the strata areas do not correspond to 
the forest types pointed in mensuration descriptions of these strata according to the 
domineering species and around 40 % do not correspond according to the character of 
the ground vegetation, which is the basis in forest fire danger prediction. 

At present, on the basis of the flammable vegetation maps, the maps of the natural 
fire danger are compiled that show the readiness to the burning of the strata in a given 
period at a given dryness class. Moreover, the maps of flammable vegetation may be 
used to predict the rate of fire spreading, intensity, and behavior and the choice of the 
optimal fire protection tactics [17]. The ultimate goal must be a complex software 
system whose development implies a combination of three different approaches [17]: 
computation and analysis algorithms, geoinformation system technologies [40] and 
expert system technologies [41]. The advantages of GIS-technologies for solving the 
problems on analysis of geographically bound information are well known. Applying 
the expert system technology is determined by, firstly, an orientation at forming 
recommendations for those who make decisions, and secondly, by the fact that the 
information on whose basis the decisions are made has a quality character in many 
instances. The values used have an indistinct diffuse semantics, and the methods that 
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use them are empirical or heuristic [37]. An expert system has been developed whose 
knowledge base and strategy of indistinct output are built on the method of evaluating 
and predicting fire danger with the use of flammable vegetation maps [42]. It must be 
mentioned that a part of forests surrounding settlements is often situated not on the 
territory of the State Forest Resource, but on the areas of former collective and state 
farms [37]. This fact complicates the compilation of flammable vegetation maps and 
forest fire danger prediction. 

A new system of classifying the forest fuels has been recently developed in the 
USA [43]. The basis for the algorithm of the system operation is the following. 1. A 
prototype for a layer of fuel material is chosen. 2. The prototype is specified. 
3. Characteristics of the layer of fuel material are calculated. 4. The final system 
classification has 192 formalized types of the fuel layer that differ in physical, 
chemical and structural properties. Each type is indexed in a certain three-
dimensional space of attributes: 1) the index of potential spreading rate; 2) the crown 
index; 3) the index of fire impact (Figure 1.5). 

 

 
 
Figure 1.5. 192 formalized types of forest fuels grouped in a three-dimensional space 
of attributes [43]. 

 
�7�K�H�� �X�V�H�U�¶�V�� �L�Q�W�H�U�I�D�F�H�� �S�U�R�Y�L�G�H�V�� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �D�E�L�O�L�W�L�H�V�� �I�R�U�� �D�Q�� �D�F�F�H�V�V�� �W�R�� �I�Rrest fuels 

characteristics [43]: 
�Z) the choice of forest fuels prototype that is based on general characteristics; and 

accepting the forest fuels characteristics given by default; 
�[) the choice of forest fuels prototype and its modification with the use of 

information on a certain area; 
�\) �F�U�H�D�W�L�Q�J���D���X�V�H�U�¶�V���W�\�S�H���D�Q�G���X�V�H�U�¶�V���G�D�W�D���E�D�V�H���R�Q���I�R�U�H�V�W���I�X�H�O�V�� 
�]) search of the existing forest fuels type according to the criterion provided (for 

instance, the index of spreading rate). 
As the result of system operation, the user-defined forest fuel layer will be bound 

to one of the formalized types. The FCC system prototype was available for beta-
testing since the end of 2001 [43]. Figure 1.6 shows a screen shot of the FCC system 
operation. 
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Figure 1.6.  FCC system interface 

1.4. Forest fire characteristics 

 

An equation for describing the burning process of wood is known [44]; it counts 
the content of carbon, hydrogen, and oxygen in its material. In its output it was 
supposed that moisture does not participate in this process, and nitrogen affects the 
burning process moderately. Eventually, the following equation of a chemical 
reaction was formed [44]: 

J5,264,729k224COO218H225O4O9H64C �����o��  

The energy released as the result of this reaction is called calorific capacity. 
The main statement of the physical model of forest fire occurrence and 

development stands in the so-called triangle of forest fuels �± heat �± oxygen access [45]. 
If any of these factors is absent, there will be no fire. The heat released as the result of 
burning of a forest fuels portion is transmitted by conduction, convection and radiance. 
[45] presents a three-stage process of a forest fire (Figure 1.7). 

From the perspective of the mechanics of multiphase reacting environments, a 
forest fire is defined as an incident of uncontrolled multistage burning on an open 
space on a forested area within which there are interrelated processes of convective 
radiance energy transmission, warming, drying and pyrolysis of forest fuels, and also 
burning of gaseous and afterburning of condensed products of forest fuels pyrolysis 
[46]. 
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Figure 1.7. The process of forest fire development [45] 
Stage One �²  preliminary warming, Stage Two �²  burning of forest fuels 

in the gas phase, Stage Three �²  afterburning or smoldering of forest fuels. 
 
 

Forest fires are divided into surface, crown, top, underground (peat) and mass fires 
[23, 46]. In surface fires the ground vegetation is burnt. In crown fires, both the ground 
vegetation and tree crowns are burnt. In top fires only tree crowns are burnt. 
Underground fires are characterized by the presence of the burning spot in the 
thickness of the layer. Mass forest fires occur at a collisional catastrophe, air nuclear 
explosion, etc. [47]. 

At any moment on a forested territory there may be distinguished a quite large 
control environment volume �²  a fire zone in which the environment condition 
parameters (as the result of physical-chemical transformations induced by the forest 
fire) differ from the unperturbed values determined by the weather conditions and 
vegetation type [46]. The biggest change in the environment condition parameters 
occurs in the forest fire zone that is called a fire front. The front spreads with a 
certain rate on the forested area [46]. 

 

1.5. Thunderstorm activity 

One of the reasons for forest fires is storm discharges. Lightning is an electric 
discharge conditioned by the division into positive and negative kinds in the clouds 
that leads to a difference in potentials of the range 10�² 100 mV[48]. In order for the 
division into kinds to happen, it is necessary that water be present in all three 
phases �²  solid, liquid and gas [49]. 

According to the development conditions, storms are divided into the air-mass and 
frontal ones. Air-mass storms over a continent occur as the result of the local air heating 
from the ground surface that leads to a development of rising flows of the local 
convection and a formation of heavy cumulonimbus clouds in it. The frontal storms 
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occur on the borders of warm and cold air masses [50]. There may be class kinds of 
cloud �± cloud and cloud �± ground. Around 90 % of cloud �²  ground classes are 
negative, and the nature of the remaining (positive) 10 % of classes is not fully clear 
[51]. The class types of cloud �²  ground, i.e. ground storm discharges [52]. The 
characteristics of the power of positive and negative ground storm discharges are 
different, and these differences are substantial from the point of view of inflaming the 
forest fuels. As the result of the vast majority of positive discharges, all the energy 
reaches the surface in one stroke, and the negative discharges are characterized by a 
multi-stroke [53]. 

Wide statistics on ground storm discharges has been collected within the 
functioning of the US National Lightning Detection Network [54]. This system may 
identify the majority of the ground storm discharges on the territories of the USA and 
Canada with the spatial resolution of several kilometers and an accuracy of 
determination in time of 1 msec. As the system operation result the data on the 
polarity, peak current and complexity of the stroke are archived (if it is a single or 
multi-stroke) [48]. 

Recent studies [55�² 59] of this problem were focused on the positive ground 
storm discharges that probably possess the most potent power on the planet [48]. As 
the large power of positive discharges, their high probability to generate a strong 
current at the stroke allows suggesting that positive discharges are a leading factor in 
forest fuels inflammation and forest fire occurrence. However, some scholars put this 
fact into question [60] and pay attention for many negative discharges with a 
continuing current effect. 

Ground storm discharges are recorded in other countries as well. Between 1992 
and 2001 a cycle of observing ground storm discharges was carries out in one of the 
regions in Spain [61]. The characteristics of 4,3�1̃06 flashes were registered for the 
Iberian Peninsula during the first ten years of storm monitoring network operation: 
the yearly and daily cycle, polarity, complexity, peak current of the first strike. It was 
shown that the maximum thunderstorm activity is characteristic of the period from 
May to September. The maximum stroke frequency was 2,1 strokes/(km2year). The 
maximum thunderstorm activity is associated with the mountainous landscape. The 
value of single strokes was 53,6 % and 89 % correspondingly for negative and positive 
ground storm discharges. The average current for the first stroke of the negative and 
positive discharges was 23,5 kA and 35,3 kA correspondingly. For the discharges of 
both fields the peak current is higher in the summer than that in the winter. 

Figure 1.8 illustrates the spatial location of the storm monitoring network points in 
Spain. The location of sensors is marked with star signs. For the analysis of the 
geographical distribution of discharges the data on ground storm discharges were 
divided into blocks of 0,2�q of longitude �u0.2�q of latitude (368 km2) [62]. For studying 
the temporal distribution of discharges, the intervals of year, month, hour, and integral 
were used on all the territory. The results consist of the ground storm discharge number 
according to the years of the studied period, an average daily variation of ground storm 
discharges [61] (Figure 1.9). The portion of positive ground storm discharges was 
around 9 %. 
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Figure 1.8. The spatial distribution of storm monitoring network points in Spain [61] 

 

 
 

Figure 1.9. An average daily variation of the ground storm discharges in Spain 
between 1992 and 2001 [61] 

 
 
The results of analyzing the ratio distribution (single or multi-stroke) of negative 

discharges in accordance with the years of the studied period, and also the daily 
variation of ground storm discharges are of interest [163]. Observations of storm 
discharges are also made in Japan [64, 65], France [66], Brazil [67�² 70], Italy [71], 
Russia[50].  
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For an effective operation of forest protection service it is necessary to know 
the dynamics of thunderstorm activity in the certain region. For example, the 
thunderstorm activity in the Krasnoyarsk Territory varies substantially within a day. 
Along with that, the highest degree of storm repetition is observed between 14 and 18 
�R�¶�F�O�R�F�N���>�����@�����7�K�H���D�Y�H�U�D�J�H���V�W�R�U�P���G�X�U�D�W�L�R�Q���Y�Dries from 1,2 to 2.6 h. Within one day the 
biggest number of storms is recorded between 12 and 18 �R�¶�F�O�R�F�N���� �O�R�F�D�O�� �W�L�P�H�� �>�����@����
Several factors influence storm-induced forest fire occurrence: 1) �V�W�R�U�P�¶�V�� �S�D�V�V�L�Q�J����
2) presence of the cloud �± ground discharge, 3) the amount of precipitation fallen in 
the storm, 4) the tree species and its physical state, 5) the presence of fuels, 6) soil 
conductivity. The biggest number of ground lightning discharge occurs at night or 
early morning [72]. Forest fuels inflammation occurs at night. Dew formation in the 
early morning creates unfavorable conditions for fire spreading in this period. Fires 
often occur only after a durable break in time after the storm [73]. 

In Russia, between 1992 and 2000 storm-induced forest fires equaled 37 to 53 % 
of the area on which fire had spread, with a relative number of 8.8�² 17.5 % [74]. 
Often dry storms, producing mass inflammations on a large space, create a very 
intense situation [72]. 

The analysis of the dependence of the forest fire number from the number of 
storms and population density in Finland is of interest [73]. The study was based on 
the data on storm-induced forest fires from 1985 to 1992 and from 1996 to 2001. The 
average population density in Finland is around 15 people per 1 km2; it is more than 
in other Northern regions. Storm-induced forest fire spots that are unnoticed may lead 
to a large ecological damage. The formula for evaluating the proportion of the 
unnoticed forest fire spots to their total number has the following outline [73] 
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where  pi �²  the proportion of forest fires caused by storm discharges in i 
municipality; B �²  the probability that a municipality non-resident will inform of the 
fire; C �²  the area on which one resident may notice the fire spot (is of the same 
importance for different municipalities, C = 1000 m2 [110]), ai �²  the area of i 
municipality, ni �²  the number of individual representatives of the municipality. 

It is also possible to estimate the number of lightning-induced forest fires 
registered in i municipality [73]: 
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where ki �²  the number of j municipalities; r ij �²  the number of registered storm-
induced fires in j municipality; pij �²  the probability that the forest fire in j 
municipality will be registered; fi �²  the area of forested area in i municipality; fij �²
 the area of forested area in j municipality[73]. 
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The deviation of the estimated number of forest fires from the recorded one is 
determined by the formula [70] 

 ln ,i
i

i

r
D r

e m
� �¦   

where m �²  a modifying factor that is calculated as the relation of the sums of the 
registered and estimated storm-induced forest fires. 

Other values that were determined are [73]: the distribution of the registered 
storm-induced forest fires according to the years of the period in question and their 
average, the number of the registered storm-induced forest fires for each day of the 
fire danger season during 14 years (Figures 1.10�² 1.12). The same densities of the 
storm-induced forest fires as in Sweden were acquired [75]. This result is predictable 
since the climate, vegetation, population density are similar in both countries. 
 

 
Figure 1.10. The density of the storm-induced forest fires on the forested area of 

Finland [73] 

 
Figure 1.11. The number of the registered storm-induced forest fires for every day of 

the forest danger season during 14 years in Finland [73] 
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Figure 1.12. The average number of storm-induced forest fires registered annually 

per 100 km2 �R�I���)�L�Q�O�D�Q�G�¶�V���I�R�U�H�V�W�H�G���D�U�H�D���>�����@�� 
1 �²  0.1�² 1.1; 2 �²  0.01�² 0.1; 3 �²  0�² 0.01. 

 

In Northern Finland (higher than 65�q of North latitude) the storm-induced forest 
fire was 6 times higher in the period from 1924 to 1927 than from 1985 to 1992 and 
from 1996 to 2001. [73]. It is possibly conditioned by the large variation of the forest 
fire incident numbers year by year [73]. For instance, the storm-induced forest fire 
density in Western Siberia varies from 0.05 to 0.1 piece/(year�1̃00 km2) [75]. This 
variation is the same or higher than that viewed in the corresponding latitudes of 
Finland [73]. The strong South-North gradient in the density of the registered storm-
induced forest fires is conditioned by the natural reasons and does not depend on the 
effectiveness of their registration [73]. 
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In the municipalities with a higher population density, a larger number (compared 
to the neighboring municipalities) of the registered storm-induced forest fires is 
recorded (Figure 1.13). The regressive linear model that describes this tendency has 
an outline of [73] 

 0,11 0,037.y x�  � � (1.1) 

 

 
 

Figure 1.13. The dependency of the relative density of registered storm-induced 
forest fires on the relative population density (dots instead of the regressive curve of 
the first range). The horizontal axis counts the values of the relation of the population 
density of the municipality under study to the population density of the neighboring 
municipalities. The vertical axis counts the values of the relation of the registered 
storm-induced forest fires in the municipality under study to their number in the 
surrounding municipalities. The municipalities that did not register any fires (17 % 
total) are excluded from the analysis [73] 

 

Only 16 % of the density variation of the registered storm-induced forest fires is 
explained by the dependence on the population density [75]. In practice, Model (1.1) 
may be used for calculating the maximum probability of evaluating the occurrence of 
non-registered storm-induced forest fires [75]. 
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A study of the spatial distribution of storm-induced forest fires on the Ontario 
territory is exponential [76]. A fairly long period of time was analyzed: from 1976 to 
1998. 

Two areas were studied: a) the territory of all the Ontario Province and b) a 
rectangular region on the North-West of Ontario (a higher spatial resolution 
compared to the remaining territory). Storm-induced forest fires make 35 % of all the 
registered fires in Canada, moreover, the area on which fire was spread makes 85 % 
[77]. Each report on the registered forest fire incident contains: the fire location, the 
area burnt, forest type, weather conditions, the reason (storm or anthropogenic 
activity), and also information on fire liquidation. The total number of the forest fires 
analyzed was 40 000 (17 000 of which were storm-induced) [76]. The methods of 
spatial statistics (SPP-analysis) enables distinguishing clusters with the highest 
probability of storm-induced forest fire occurrence. Important measures in SPP are 
the space intensity (determined as the number of incidents per area unit) and NBS �²
 nearest neighbour statistic (determines how close the incidents are one from the 
other) [76]. 

The set of incidents under study is fully spatially random, if the intensity is 
constant and the incidents are not united into clusters, not located with regular 
intervals. If both conditions are satisfied, then the events have a homogenous spatial 
distribution. There are two ways to avoid the random spatial location of the events. 
Clustering implies that the events are close to one another. In another case, their 
random spatial distribution is implied. Regularity implies a higher independence of 
the events. 

NBS, that is called K-function, may be used for determining the type of event 
distribution �²  random, clustered, or regular [76]. ( )K h  is determined as [76] 

 �OK(h) = E  
(the number of events within the distance of h from a certain event), 

where �O �²  the intensity of the average number of events per area unit, E(�)̃ �²
 expectation operator. If A is the size of the area under study, then the expected 
number of events in this area is �OA. The expected number of the ordered pairs of 
events on the distance smaller than h is �OA �u �Ö( )K h�O  = 
= �O2AK(h). If dij is the distance between i and j events (firest) in A area and Ih(dij) is 
the indicator function �n�m�g�d�p�b�y (1, if dij �d h, otherwise 0), then the number of ordered 
pairs of events with a distance less than h in the area under study is ( ).h ij
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Consequently, the evaluation�Ö( )K h  is determined by the formula [76] 
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Here ,
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� O � |  where n �²  the number of events[114]. 
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The spatial intensity may also be calculated by using a kernel-evaluation [78]. For 
a random process ( )K h  = �Sh2. A clusterized process will be at ( )K h  > �Sh2. A regular 
process will be at ( )K h  < �Sh2. Function [76] is used for visualization: 

 
�Ö( )�Ö( ) .

K h
L h � 

�S   

Figure 1.14 presents �Ö( )L h  dependency for 1976 to 1998. The hypothesis on the 
random distribution of fire forests, according to [76], does not reflect the forest fire 
condition fully. There are two reasons to suppose both hypotheses �²  clustering and 
regularity. One of the reasons that storm-induced forest fires may be united into 
clusters is a spatial localization of storm events. The second reason for clustering is 
the spatial localization of vegetation, climate, and daily weather conditions 
(Figure 1.15). 

 
 

Figure 1.14.  �Ö( )L h  dependency on storms for forest fires on the Ontario territory in 
different years and on average within 1976 and 1998 [76]. The clustering peak is 

located around 3�q and the regularity starts at 6�q. 
1 �²  Lhat, 2 �²  Average, 3 �²  Upper, 4 �²  Lower 
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Figure 1.15. The spatial intensity of storm-induced forest fires on the Ontario 
Province territory in 1992�² 1995 [76]. 

The density of storm-induced forest fires, per 1 km2: 1 �²  0.001; 2 �²  0.001�² 0.002;  
3 �²  0.002�² 0.004; 4 �²  0.005�² 0.01; 5 �²  0.01�² 0.025. 

 

Clustering is revealed on the scales of 225�² 375 km. On larger distances there is 
regularity in forest fire distribution is revealed [76]. Moreover, an analysis of maps 
with spatial intensity of storm-induced forest fires, storm discharges was carried out 
for forest fire danger seasons of 1992�² 1998 in the North-East of the Ontario 
Province [76]. The analysis did not discover any obvious connection between the 
density of storm discharges and the density of forest fire incidents. The patterns for 
spatial intensity of storm discharges for the days when DMC > 20, are similar to the 
patterns of storm-induced forest fires [76]. Therefore, localized conditions of dry 
weather and storms are the leading factors of spatial clustering of storm-induced 
forest fires [76]. 

The estimation of storm-induced forest fire occurrence probability in Central 
Spain is exponential [79]. Only 4 % of forest fires in Spain occur due to storm 
discharges, primarily in remote regions. [79] analysis is a part of the FIREMAP 
project research whose goal is to develop a fire danger evaluation index. Time and 
space interaction of storm-induced forest fires and templates of topography, 
vegetation and weather were studied. 
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To estimate the occurrence of storm-induced forest fires on the basis of the data 
on moisture content and dead forest fuels, it is potentially productive to use the 
Canadian and American sub-systems. 

Storm-induced forest fires create a big problem in the Alps region [80]. Here 
storm-induced forest fires are characteristic from May to October. Their number 
reaches its peak in July-August (78 % of all forest fire incidents). This problem, in 
�F�R�Q�Q�H�F�W�L�R�Q�� �Z�L�W�K�� �W�K�H�� �F�O�L�P�D�W�H�¶�V�� �J�O�R�E�D�O�� �Z�D�U�P�L�Q�J�� �D�Q�G�� �W�K�H�� �Lncrease in dry season, is of 
great importance [80]. 

An opinion has been formed so far that fire fighters, especially managers, should 
learn the history of fire incidents in order to understand and model the spatial 
distribution of inflammations [81]. As a rule, fire atlases register the so-called dot, 
but not area, information on fires. Technologies of spatial forest fire mapping, 
especially of storm-induced fires, that use dot information on their occurrence are 
perspective [81]. 

For forest fires that occurred in the autonomous region of Aragon (in the North-
East of Spain), it is known of the fire location, area burnt, vegetation type, weather 
conditions, reasons (storm, anthropogenic activity, unidentified), and also 
information on fire liquidation. 3131 human-induced and 2637 storm-induced forest 
fire incidents were considered. 1855 forest fires occurred as a result of unidentified 
reasons. The same hypotheses as with forest fire analysis in the Ontario Province 
(Canada) were accepted as the reasons for storm-induced forest fire clustering [76]. 
Figure 1.16  shows fire incident patterns. The vertical axis enables counting the 
density of inflammation spots, their number per 1 km2. The blue color points storm-
induced forest fires, while the red color points the human-induced forest fires. The 
patterns of forest fires with anthropogenic reasons are more widespread in space that 
those of storm-induced fires (Figure 1.17). The oc�F�X�U�U�H�Q�F�H���R�I���D���O�D�U�J�H���Q�X�P�E�H�U���R�I���³�K�R�W�´��
dots on the territory under study is possible [81]. Big fragmentation of spatial 
distribution of forest fires is ob�V�H�U�Y�H�G�� �D�U�R�X�Q�G�� �P�R�X�Q�W�D�L�Q�R�X�V�� �U�H�J�L�R�Q�V���� �³�+�R�W�´�� �G�R�W�V�� �R�I��
anthropogenically induced forest fires are concentrated in more fragmented regions 
and borders of forest/non-forest territories (Figure 1.18). 
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Figure 1.16. Spatial patterns of forest fire events �L�Q���W�K�H���$�U�D�J�R�Q�¶�V���D�X�W�R�Q�R�P�\�����6�S�D�L�Q����
[81] 

 
 

Figure 1.17. Spatial patterns of human caused (�Z) and lightning (b) activities in the 
�$�U�D�J�R�Q�¶�V���D�X�W�R�Q�R�P�\�����6�S�D�L�Q�����>�����@ 
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Figure 1.18. Spatial patterns of forest-�F�R�Y�H�U�H�G���W�H�U�U�L�W�R�U�L�H�V���L�Q���L�Q���W�K�H���$�U�D�J�R�Q�¶�V���D�X�W�R�Q�R�P�\��
(Spain) [81] 

 
Storm-induced forest fires may occur in any forested area independent from the 

closeness of sources with anthropogenic load, including in poorly habitable regions. 
Often forest fire sources are found several days after storm. In Russia, it is only in a 
few regions that storm discharge registration systems operate [74]. 

In Russia, the statistics of storm-induced forest fires was analyzed [82, 83]. An 
increase in natural sources (lightnings) is predicted in connection with climate 
warming [84, 85]. There are examples of forest area classifications in accordance 
with the degree of fire danger with the use of satellite data to estimate the forest fire 
danger from storms [86]. The region under study included the Evenk Autonomous 
District, Krasnoyarsk Territory, the republics of Tyva and Khakassia [86]. Landscape 
characteristics, climate conditions and thunderstorm activity are known quite entirely 
for this territory (Table 1.3). 

�'�X�H���W�R���W�K�H���I�D�F�W���W�K�D�W���L�Q���W�K�H���6�L�E�H�U�L�D�¶�V���F�H�Q�W�U�D�O���U�H�J�L�R�Q�V������ % of average annual forest 
fires occur as a result of storms, a system of lightning discharge registration was 
launched in 1997 [74]. To monitor storm-induced forest fires it is necessary to know 
the number of lightning discharges that come onto 1 km2 of the earth surface, the 
distribution of the lightning discharge current, the intensity of thunderstorm activity 
(the number of stormy days per year). 
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In order to predict the inflammation of forest fuels by an electric discharge it is 
important to evaluate the possibility of lightning discharge occurrence under the 
conditions of storm front formation and passage. It is considered that the reason for 
storm-induced forest fires is the low air humidity when air masses are much heated 
and rising flows occur that stimulates the formation of stormy clouds [87, 88]. 

The mechanism for storm-induced forest fire occurrence and development is the 
following (Figure 1.19). In the zone of lightning current spreading it is divided into 
sparks that form spark sources of inflammation having a high temperature in a certain 
time interval (above 5000 �qC) at which vegetation particles are decomposed with a 
formation of gaseous products. With a sufficient thickness of forest fuel layer a 
cumulative decomposition of vegetation particle takes place that is accompanied by 
the formation of a necessary amount of gaseous products that are able of composing a 
flammable mixture that may get inflamed. If the surrounding forest fuels have a low 
moisture content, the burning spot occurs. Later the fire spreads around the burning 
spot if the surrounding forest fuels have a moisture content below the critical level, 
and the amount of precipitation of the fallen rain is not enough to extinguish the 
burning. Further spreading of fire on the forest area leads to a fire. 
 
 
Table 1.3. An average storm duration and the number of stormy days in Middle 

Siberia [86] 

Weather station 

Average storm duration, h The 
number 

of 
annual 
stormy 
days 

IV V VI VII  VIII  IX X �=�h�^ 

Podkamennaya 
Tunguska 

�± 2.0 8.7 15.7 9.0 0.7 �± 36.1 19 

Yartsevo 0.06 3.0 10.9 17.3 10.7 1.0 0.04 43.0 25 
Kezhma 0.01 1.3 6.9 13.5 6.5 0.7 0.02 28.9 17 
Yenisseysk 0.1 3.0 8.5 11.9 7.4 0.9 0.06 31.9 21 
Boguchany 0.02 2.2 8.8 19.3 10.0 0.6 �± 40.9 23 
Strelka 0.05 4.8 12.3 24.6 11.6 1.1 0.05 54.5 26 
Kazachinskoye 0.01 2.8 7.8 12.7 7.9 1.3 �± 32.5 23 
Pirovskoye �± 4.9 12.8 23.6 12.4 1.1 0.04 54.8 26 
Pokhtet 0.04 5.3 14.8 24.6 13.6 1.6 �± 59.9 27 
Achinsk 0.05 2.9 10.0 15.0 10.1 0.8 �± 38.8 22 
Kansk 0.06 2.0 7.4 14.8 7.2 1.0 0.01 32.5 17 
Krasnoyarsk 0.05 3.0 7.5 14.8 8.4 0.7 �± 35.5 23 
Uzhur �± 5.1 11.6 25.4 15.0 1.3 �± 58.4 20 
Shira �± 1.2 9.4 17.9 11.7 1.3 �± 41.5 19 
Minusinsk 0.1 1.3 5.7 9.8 5.8 0.7 0.03 23.4 20 
Tashtyp 0.01 2.8 10.0 18.0 10.6 1.0 0.06 42.5 25 
Olenya Rechka 0.2 2.2 17.7 34.7 26.2 3.4 0.02 59.8 25 
Nizhneye Usinsk 0.1 2.2 17.7 34.7 26.2 3.4 0.02 84.3 37 
Chada 0.01 0.9 10.2 27.3 22.9 3.2 �± 64.5 31 
Erzin 0.04 1.0 8.6 25.7 15.7 1.1 �± 52.1 25 
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Figure 1.19. A chart of storm-induced forest fire occurrence [86] 
 
 

The most informative characteristic of lightning discharge occurrence is the 
�G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �W�K�H�� �S�D�U�W�L�F�O�H�¶�V�� �W�H�P�S�H�U�D�W�X�U�H�� �U�D�L�V�H�G��moist-adiabatically from the 
level of 850 to 500 hPa, and the real air temperature on a top level [86]. The use of 
this regularity enables to record the so-called storm index. This index determines the 
possibility for realizing such weather conditions in which storm electric discharge is 
possible. 

A mathematical model of the storm index may be presented in a form of a sum 
[86]: 

 ,i iK a X�  � P�¦  (1.2) 

where Xi �²  information fields (of temperature), ai �²  weight coefficients, 
�P = 1/( 1+ b�T̃�a) �²  normalization coefficient that reflects the value of air temperature 
in the surface layer (T�a). The coefficient of correlation with the statistical data was 
chosen as the significant criterion of authenticity. The (1.2) relation took the outline 
of [89] after optimization: 
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where T and D �²  the air and dew point temperature on the corresponding levels 
acquired from the TOVS radiosonde. 

The method of evaluating the storm index [86, 89] is based on the sounding data 
from the atmosphere acquired by the TOVS appliance (Figure 1.20) that can be 
recorded up to four times a day from a non-regulated dot network with an interval 
from 17 to 100 km. The parameters of the lower atmosphere may be interpolated at a 
radius of up to 200 km. Information layer that allows classifications of the territory 
on the basis of the storm index, along with the outline map of fire danger in 
accordance with the weather conditions [90] provides an opportunity to evaluate 
forest fire danger on the basis of natural factors. 
 

 
 

Figure  1.20. The dynamics of storm index on the Middle Siberian territory in 
different observation periods according to TOVS appliance from American satellites 
NOAA, 2001 [89] 

 
The sounding locations of the atmosphere are marked with checkboxes. Black color 
�F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���V�W�R�U�P���L�Q�G�H�[�¶�V���P�D�[�L�P�X�P�� 
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