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Abstract: Forest fires from lightnings create a tense situation in various regions of states with forested
areas. It is noted that in mountainous areas this is especially important in view of the geophysical
processes of lightning activity. The aim of the study is to develop a deterministic-probabilistic
approach to predicting forest fire danger due to lightning activity in mountainous regions. To
develop a mathematical model, the main provisions of the theory of probability and mathematical
statistics, as well as the general theory of heat transfer, were used. The scientific novelty of the
research is due to the complex use of probabilistic criteria and deterministic mathematical models
of tree ignition by a cloud-to-ground lightning discharge. The paper presents probabilistic criteria
for predicting forest fire danger, taking into account the lightning activity, meteorological data, and
forest growth conditions, as well as deterministic mathematical models of ignition of deciduous
and coniferous trees by electric current of a cloud-to-ground lightning discharge. The work uses
synthetic data on the discharge parameters and characteristics of the forest-covered area, which
correspond to the forest fire situation in the Republic of Altay and the Republic of Buryatia (Russian
Federation). The dependences of the probability for occurrence of forest fires on various parameters
have been obtained.
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1. Introduction

Forest fires occur as a result of natural and anthropogenic causes [1]. The main natural
cause of forest fires is the impact of the cloud-to-ground lightning discharges on forest
fuels [2]. The factor of lightning activity is taken into account in one way or another in the
Canadian and American systems for predicting forest fire danger [3,4], as well as in the
Information System for Remote Monitoring of Forest Fires ISDM-Rosleskhoz in the Russian
Federation [5]. However, predicting forest fire danger in mountainous terrain has its own
characteristics [6,7], which must be taken into account when developing such methods.
There are various methods for predicting forest fire danger, for example, statistical [8],
empirical [9], probabilistic [10], simulation [11], deterministic [12], and a number of others.
In this paper, it is proposed to focus on an integrated deterministic-probabilistic approach,
when the predicting methodology is based both on probabilistic formulas and deterministic
models, for example, as is done in the methodology for predicting forest fires caused by the
action of focused solar radiation [13,14]. It is assumed that the level of forest fire danger is
assessed from the standpoint of probability theory, and individual terms in the probabilistic
criterion are assessed based on statistical data and the results of numerical modeling of
the ignition of deciduous and coniferous trees by the cloud-to-ground lightning discharge.
The interval of changes in the probability of forest fires should be divided into five subin-
tervals that correspond to different levels of forest fire danger (extreme, high, medium,
low, very low or none). Lightning activity is assessed using various hardware and infor-
mation systems. Australia uses the Austrian Lightning Detection and Information System
(ALDIS) [15–24]. The system uses Magnetic Direction Finding (MDF) and Time of Arrival
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(TOA) [15]. ALDIS provides the coordinates of the discharge, polarity, amperage, and num-
ber of strokes in a multi-stroke [19]. In Switzerland, for example, the European Cooperation
for Lightning Detection network (EUCLID) project is used [25–29]. For each discharge,
the EUCLID provides coordinates, date and exact time, type of discharge, multiplicity,
polarity, and current. It should be noted that many researchers have paid attention to the
relationship between lightning activity and precipitation [10,30–35]. A positive correlation
has been shown between lightnings and precipitation. In China, for example, the Yunnan
Lightning Detection Network (YNLDN) is used, which consists of 23 sensors and uses
the Improved Performance through Combined Technology (IMPACT) method [36]. In
Malaysia, the authors used the Surveillance et Alerte Foudre par Interferometrie Radio-
electrique (SAFIR 300) system with 8 sensors [37,38]. In Colombia, the LINET method for
detecting lightning discharges [39–42] was used to analyze lightning activity.

The aim of the study is to develop a deterministic-probabilistic approach to predicting
forest fire danger due to lightning activity in mountainous regions using data from the
World Wide Lightning Location Network (WWLLN).

2. Region of Interest

Two typical territories are considered, which are characterized by the presence of
forested areas in mountainous terrain. The first study area is the territory of the Altay
Republic (Russian Federation). The second study area is mountainous areas in the Republic
of Buryatia (Russian Federation) [43,44].

The Republic of Buryatia is an entity located in Eastern Siberia, near Lake Baikal. The
subject is bordered by the Trans-Baikal Territory in the east, the Irkutsk region in the west,
the Republic of Tyva in the south-west and Mongolia in the south. The largest cities in the
republic are the administrative center—the city of Ulan-Ude, as well as Severobaikalsk,
Gusinoozersk, Kyakhta and Zakamensk. Until 2019, the Republic of Buryatia was part
of the Siberian Federal District, but since 2019, the republic has become part of the Far
Eastern Federal District. In general, among all subjects of Siberia and the Far East, the
Republic of Buryatia is distinguished by an increased number of wildfires that occur
annually and cause significant damage to the economy, ecology, and population of the
region. The climate of the Republic of Buryatia is sharply continental, as a result of which
the region is characterized by cold winters and hot summers. In terms of the number of
sunny days, Buryatia is comparable to the Crimea. The average temperature in summer
is +18.5 degrees, in winter—22, and the average annual temperature is—1.6 degrees. On
average, 244 mm of precipitation falls annually. In territorial terms, more than half (73%)
of the territory of Buryatia is occupied by forests, 6% is occupied by water bodies, 11% is
agricultural land, 1% is reindeer pastures, 9% is land for other purposes. The relief of the
republic is predominantly mountainous. In terms of species composition in the Republic of
Buryatia, the largest areas are occupied by coniferous forests (more than 60% of the total
forest area in Buryatia). Larches grow most of all in the region (about 50% of all plant
species). More than 10% of all forest plantations belongs to pine. It is also worth noting
that most of the forests of Buryatia are located in mountainous areas. Forests have a fairly
pronounced altitudinal-belt structure and are subdivided (in order of increasing heights)
into 9 high-altitude forest growth belts: steppe; forest-steppe; light coniferous taiga; frozen
taiga; cedar-fir taiga; cedar taiga; subalpine; tundra-alpine.

Another important reason for the high wildfire hazard on the territory of Buryatia
is the uneven distribution of precipitation. The regions of the Eastern Sayan and the
Baikal region (with the exception of the Barguzin valley) receive moisture in the form of
precipitation of 500–800 mm, in the mountains up to 1000–2000 mm per year. Relatively
little precipitation falls on the Vitim plateau (300–450 mm) and even less in the Selenga
Transbaikalia (200–400 mm).

The territory of the Republic of Altay is 92.6 thousand km2. The Altai Republic is
located in the very center of Asia at the junction of the Siberian taiga, Kazakh steppes
and semi-deserts of Mongolia. It is a mountainous country with an extremely picturesque
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landscape. The territory of the republic consists of 11 municipalities uniting 92 rural
administrations, which include 245 settlements, the only city of Gorno-Altaisk is the capital
of the Altai Republic. The distance from Gorno-Altaysk to Moscow is 3641 km, from
Gorno-Altaysk to Barnaul—250 km, from Gorno-Altaysk to the nearest railway station
(Biysk)—100 km. The area of the territory of the republic is 92,902 sq. Km, which is 0.55
of the territory of the Russian Federation, of which: agricultural lands make up 19%,
forests—47%, water areas—0.9% and other lands—33.1%. The territory of the Republic
stretches for more than 350 km from north to south and 400 from east to west, from a low
mountainous zone to a high mountain zone, which causes a significant difference in the
natural and economic complex of 10 regions of the republic [45].

The Altai Republic is located in the center of the Eurasian continent, has an external
border with China, Mongolia, Kazakhstan and an internal border with the constituent
entities of the Russian Federation—the republics of Tuva and Khakassia, the Altai Territory
and the Kemerovo Region.

The climate is temperate continental, with relatively short hot summers (June–August)
and long (November–March) cold winters. Climate-forming factors are: continental arctic
air freely reaching the interior throughout the year, warm and humid western air masses
coming from the Atlantic Ocean, warm southwestern and southern winds and local cy-
clones and pheno-like air currents formed by the relief of a mountainous country. As a
rule, the determining factor in the formation of weather conditions is the movement of the
western air masses.

The relief, which forms a vertical climatic zoning—a zone of low mountain climate
(up to 500–600 m), a zone of a middle mountain climate (from 500 to 1500 m and more),
a zone of high mountain climate (over 2000–2500 m), has a significant impact on the
climate of Gorny Altai. The relief of the republic is characterized by high ridges sep-
arated by narrow and deep river valleys, rare wide intermontane basins. The highest
mountain—Belukha—4506 m, is the highest point in Siberia.

Communications. Automobile transport is the leading one in the republic. The length
of highways is more than 3.2 thousand km, of which 541 km are the main highway, the
federal highway Novosibirsk-Biysk-Tashanta (Chuysky tract).

Demography. The population of the Altai Republic as of 1 January 2019 was 218,866 people.
The capital is Gorno-Altaysk, the only city in the republic, located in its northwestern

part. Territory—91 sq. Km. The city of Gorno-Altaysk as a settlement of Ulala was founded
in 1830, received the status of a city in 1928. The distance from Gorno-Altaysk to Moscow
is 3641 km, to the nearest railway station Biysk—100 km. The population of the city as of
1 January 2019 was 63,845 people.

Such unique natural sites as Lake Teletskoye, Mount Belukha, Altai and Katunsky
reserves were included in the list of World Heritage of Humanity by UNESCO decision.

3. Materials and Methods

The following physical model is proposed for the ignition of a deciduous tree by
the cloud-to-ground lightning discharge. A freestanding deciduous tree, such as birch, is
considered. It is believed that the structure of the trunk of a deciduous tree is represented
by a moisture-conducting core and a bark layer. At the moment a lightning discharge
strikes a deciduous tree, an electric current of the discharge passes through the core. The
tree trunk heats up as a result of heat generation according to the Joule-Lenz law. As
the temperature rises, the trunk of a deciduous tree is ignited. Additional assumptions:
(1) moisture evaporation from the core is neglected, (2) wood pyrolysis is neglected, (3) the
thermophysical characteristics of the core and the bark layer do not depend on temperature,
(4) the monolithic structure of the tree trunk is considered.

Mathematically, the heat transfer process before the ignition of a deciduous tree trunk
is described by partial differential equations of parabolic type with the assignment of the
corresponding initial and boundary conditions. Geometric areas are presented in Figure 1.
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Boundary conditions for the external surface of the bark:
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where Ti, ρi, ci, λi are the temperature [K], density [kg/m3], heat capacity [J/(kg·K)], and
thermal conductivity [W/(m·K)] (i = 1 is the core, i = 2 is the bark layer); t is the temporal
coordinate; r is the spatial coordinate; R1 is the border of the core and the bark layer; R is
the radius of a deciduous tree; α is the heat transfer coefficient; WWWLLN is the power of
the discharge registered by WWLLN; index 0 corresponds to the parameters at the initial
moment of time.

The following physical model of the ignition of a coniferous tree by the cloud-to-
ground lightning discharge is proposed. A stand-alone coniferous tree, such as pine, is
considered. It is believed that the structure of the trunk of a coniferous tree is represented
by a resinous core, a moisture-conducting subcrustal layer, and a bark layer. At the moment
a lightning discharge strikes a coniferous tree, the electric current of the discharge passes
through the subcrustal zone of the tree. The tree trunk heats up as a result of heat generation
according to the Joule-Lenz law. As a result of an increase in temperature, the trunk of
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a coniferous tree is ignited. Additional assumptions: (1) Moisture evaporation from the
subcrustal layer is neglected; (2) wood pyrolysis is neglected; (3) the thermophysical
characteristics of the core, subcrustal layer and bark layer do not depend on temperature;
(4) the monolithic structure of the tree trunk is considered.

Mathematically, the process of heat transfer before the ignition of a coniferous tree
trunk is described by partial differential equations of parabolic type with the assignment
of the corresponding initial and boundary conditions. Geometric areas are presented
in Figure 2.
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Boundary conditions for the line connected subcrustal and bark layers:
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Boundary conditions for the external surface of the bark:
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where Ti, ρi, ci, λi are the temperature [K], density [kg/m3], heat capacity [J/(kg·K)], and
thermal conductivity [W/(m·K)] (i = 1 is the core, i = 2 is the subcrustal layer, i = 3 is the
bark layer); t is the temporal coordinate; r is the spatial coordinate; R1 is the border of
the core and subcrustal layer; R2 is the border of the subcrustal and bark layers; R is the
radius of the coniferous tree; α is the heat transfer coefficient; WWWLLN is the power of
the discharge registered by WWLLN; index 0 corresponds to the parameters at the initial
moment of time.

These two models can be compared and contrasted. Both models uses unsteady heat
conduction equations to determine temperature distribution in tree trunk. The number of
equations is different for coniferous and deciduous tree trunk according to its structure.
Boundary conditions are similar for these models but take into account the differences in
tree trunk structure for coniferous and deciduous trees.

Moreover, we can single out the probability that forest fuel reaches the state of forest
fire maturity. In our case, the “maturation” of the forest fuel is determined by the drying
process of the forest fuel layer under the influence of external conditions. This process can
be quantitatively characterized by the drying time of the forest fuel layer. The drying time
of the forest fuel layer refers to the period of time during which the moisture content of the
layer reaches a critical value. For example, for pine needles it is 13%. The drying time of
the forest fuel layer makes it possible to determine the probability of forest fires by weather
conditions Pj(D).

To determine the value of Pj(D), it should be taken into account that, as a rule, tanning
occurs in the daytime. Obviously, Pj(D) takes its maximum value when the time interval
up to the prediction hour (as a rule, the occurrence of most fires falls in the middle of the
day) coincides with the drying time of the j-th time interval of the fire danger season in
the i-th section of the controlled territory. The value of the fire season in days, as a rule, is
known from statistical data on the forestry archives. As a result, for the quantity Pj(D), the
formula was obtained:

Pj(D) =

 0

kh exp
(
−
[
∆

__
t j

]2
)

, ∆
__
t j =

tj − tj
∗

tj
∗ , (15)

where kh is the correction factor for precipitation accounting (Table 1), tj is the current time;
tj* is the drying time of forest fuel to critical value of moisture content; 0 in (15) corresponds
to the case when there are no forest fuels on the forest area (the surface of roads, rivers,
lakes, and water-saturated swamps). For dry thunderstorms kh = 1 can be used.

To calculate the drying time for a layer of forest fuel material, a deterministic mathe-
matical model presented in [46] was used. This mathematical model takes into account
external meteorological conditions, such as wind speed, ambient temperature, long-wave
and short-wave solar radiation, heat exchange with the surface layer of the atmosphere
and the surface layer of the soil. In addition, this mathematical model takes into account
the properties of a specific forest fuel material and therefore, indirectly takes into account
the forest growing conditions in the controlled area.
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Table 1. Precipitation coefficient [47].

Daily
Precipitation, mm No 0.1–0.9 1.0–2.9 3.0–5.9 6.0–14.9 15.0–19.9 20 and

More

kh 1.0 0.8 0.6 0.4 0.2 0.1 0.0

Below are the main assumptions and suggestions used in the development of a
probabilistic criterion for predicting forest fire danger from lightning in mountainous areas:

- In the statistics of forest fires, the vast majority of incidents are caused by lightning
activity (this is true for mounting areas remote from settlements);

- Both deciduous and coniferous trees grow in the forested area;
- With increasing altitude, the frequency of cloud-to-ground lightning discharges in-

creases (this is true for mounting areas according to data from WWLLN [45]);
- Average long-term climatic data for the controlled area are used [48];
- Ignition of trees is simulated under the assumption of a thermophysical model;
- Typical tree characteristics are used (thermophysical, geometrical properties) [49].

P(FF/M, Mj, L) =
{

0, no_ignition
1, ignition

, (16)

That is, zero if mathematical modeling showed the absence of ignition of the forest
fuels and one if it is numerically established that a forest fuels has ignited.

The probability terms in Equation (20) can be estimated as follows:

P(M) =
NWWLLN

NTF
, (17)

where NTF is the total number of days in the fire season; NWWLLN is the number of days
that WWLLN recorded lightning activity over the controlled area.

P(Mj/M) =
NHC
NTD

, (18)

where NTD is the total number of lightning strikes registered by WWLLN; NHC is the
number of high energy discharges recorded by the WWLLN.

P(L) =
AC

AMAX
, (19)

where AC is the current altitude above sea level, for the controlled wooded area; AMAX is
the maximum altitude above sea level for the study region.

It is necessary to rely on the rigorous mathematical results of risk analysis [50], when
the threat of any catastrophic phenomenon is assessed by its probability. The following
probabilistic criterion for forest fire danger caused by lightning activity is proposed:

Pj = P(M)P(Mj/M)P(L)Pj(D)P(FF/M, Mj, L), (20)

where Pj is the probability of a forest fire from lightning activity for the j-th day of the
fire-dangerous season; P(M) is the probability of lightning activity in the controlled forest-
covered area; P(Mj/M) is the probability of the cloud-to-ground lightning discharges in
the controlled forest-covered area; P(L) is the probability of the cloud-to-ground lightning
discharge hitting an area above a certain height above sea level; P(FF/M,Mj,L) is the
probability of ignition of a forest fuels as a result of the cloud-to-ground lightning discharge,
provided that the lightning front passes over the forest-covered area above a certain height
above sea level.
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Probabilistic part (5) also takes into account the dependence of ignition probability
on forest growth conditions and meteorological data during first part of the day accord-
ing to mathematical model to calculate dry time of forest fuel layer under the external
meteorological conditions [46].

Suggested approach consists of two interconnected parts: probabilistic criterion
that formulated in Equations (15)–(20) and two deterministic models to calculate igni-
tion conditions for coniferous and deciduous trees presented in Equations (1)–(6) and
Equations (7)–(14). This approach to predict forest fire danger can be described as Figure 3.
First stage is a setup of initial conditions. Four types of initial conditions are considered,
namely, meteorological data, tree characteristic, WWLLN data, and relief. Next stage is
computing of ignition conditions for coniferous and deciduous trees accompanied with
calculation of probabilistic part (17)–(19). Next stage is calculation of probabilistic criterion
and determination of forest fire probability according to (20). Finally, probability of forest
fire occurrence can be presented as five subintervals of [0, 1] range: extreme, high, medium,
low, very low, or none.
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Forest fire danger scale has been presented in Table 2.
In this paper, it is proposed to use synthetic data on the parameters of lightning

activity, since this is a pioneering work on using the deterministic-probabilistic method
to predict forest fire dangers in mountainous areas, not all statistical data are currently
available. It is proposed to identify a group of parameters that will serve as input data for
assessing the probability of a forest fire on a typical day of a fire dangerous season.
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Three scenarios of forest fire danger are considered for each territory. Below are
the main scenarios for the occurrence of forest fires from lightning in mountainous areas.
Table 3 shows the typical scenarios that characterize lightning activity. Scenarios of low,
moderate, and high forest fire danger are considered. These scenarios differ in the length of
the fire season, the number of days with lightnings, and the typical number of high energy
discharges. According to [51], it can be assumed that it is the high-energy discharges that
will be cloud-to-ground discharges. It should be noted that at the moment the World Wide
Lightning Location Network does not provide data on the type of lightning discharge,
but makes it possible to use the geographical coordinates and energy characteristics of
the lightning discharge [52]. Three types of scenarios for lightning activity are considered:
Low, Moderate, and High.

The work uses data from the WWLLN for 2010–2015. The nearest five WWLLN
stations to Gorno-Altaysk and Ulan-Ude until 2015 are Bryansk (≈3200 km), Yakutsk
(≈2600 km), Beijing (≈2900 km), Lanzhou (≈2700 km), Vladivostok (≈3600 km). The
network registers data throughout the year. Data on atmospheres recorded by WWLLN
contain the following indicators: date, time, latitude, longitude, error, and number of
stations in which the electromagnetic pulse was recorded [53].

The time of registration of the lightning discharge by the WWLLN network is car-
ried out at a worldwide coordinated time. To estimate the daily stroke of the lightning
discharges, the time was recalculated for each discharge from the universal coordinated
time to the local solar time. An analysis of the lightning-density distribution map is pre-
sented, which was calculated from the number of atmospherics recorded by the WWLLN
in 10 km × 10 km sections [54].

The WWLLN receiver consists of a VLF antenna, a VLF preamplifier (mounted at
the bottom of the antenna). A separate small GPS antenna is also installed. In addition,
a service node is connected. All these components are connected to a personal computer
using various cables [55,56].

It should be noted that such a node can be built in any country to detect lightning
discharges at a distance of up to 10 thousand km. The maximum signal from a lightning
strike is fixed at frequencies around 10 kHz. Each node transmits data to the central
computer, where centralized data processing takes place.

Membership in the WWLLN network is not limited to any political requirements.
The WWLLN network nodes work on volunteer basis. The network is really international.
The optimal distance is 3000 km from node to the node for detecting lightning discharges.
For the functioning of the node, a Pentium III or more powerful processor is sufficient.
It should be noted that the sound card can be either integrated in the motherboard, or
made in a separate version (the parameters of the sound card affect the passage of the
signal through the sound channel). The personal computer of the node can operate under
a Windows or Unix system. The node installed in Gorno-Altaysk State University operates
under the control of the Ubuntu system [55,56].

Table 3 provides information on different scenarios of lightning activity for Republic
of Buryatiya and Republic of Altay. Three scenarios are considered. Low lightning activity
is characterized by the lowest number of days with lightning discharges registered by
WWLLN network. Each parameter is fixed for a specified scenario. Moreover, it should be
noted that fire dangerous season length is different for each study area.

Table 4 presents typical scenarios that characterize the altitudinal zonation of a forested
area. Scenarios of low, moderate, and high forest fire danger are also considered. The
main predictor in this table is the elevation of a typical wooded area relative to sea level.
Three scenarios are considered. Low lightning activity is characterized by lowest altitude
of forested area. Each parameter is fixed for a specified scenario. Moreover, it should be
noted that fire dangerous season length is different for each study area.
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Table 2. Forest fire danger scales (level).

Fire Danger Class, Pj Regulations for Forest Protection Services [57]

Pj ∈ [0, 0.2], (I)
No fire danger

Ground-based patrols are carried out in places of flammable work, in
order to monitor compliance with fire safety rules in the forest. Duty

on fire observation towers (FOT) is not carried out.

Pj ∈ (0.2, 0.4], (II)
Lowfire danger

Ground patrolling is carried out in areas assigned to classes I and II
of natural fire danger, as well as in places of mass visits and rest of

the population from 11 to 17 h. Duty at the night vision gates and at
reception points from 11 to 17 h.

Pj ∈ (0.4, 0.6], (III)
Medium fire danger

Ground patrolling is carried out from 10 to 19 h, in areas assigned to
the first three classes of fire danger, and is especially intensified in the
places of work and places most visited by the population. Duty at the
FOT and at points of reception of reports from 10 to 19 h, at points of

reception of reports from 10 to 17 h.

Pj ∈ (0.6, 0.8], (IV)
High fire danger

Ground patrolling is carried out from 8 to 20 h in places of work, as
well as in places visited by the population, regardless of the class of
fire danger to which the sections are assigned. Duty hours on FOT

are carried out during the whole daylight hours, at the points of
reception of reports from 8 to 20 h.

Pj ∈ (0.8, 1], (V)
Extreme fire danger

Ground patrolling is carried out throughout the daylight hours, and
in the most dangerous places around the clock. To help the forest

guard and temporary firemen, workers and employees of the forestry,
a public asset and the police are involved in patrolling. Duty on FOT
and at points of reception of reports are carried out, as in the IV class

of fire danger.

Table 3. Influence of characteristics of lightning activity.

Scenario NTF NWWLLN NHC NTD AC, m AMAX, m WWWLLN, MW

Altay
Republic,

Low
200 25 20 100 1000 4000 2500

Altay
Republic,
Moderate

200 30 25 100 1000 4000 2500

Altay
Republic,

High
200 35 30 100 1000 4000 2500

Republic of
Buryatiya,

Low
160 20 20 100 1000 2683 2500

Republic of
Buryatiya,
Moderate

160 25 25 100 1000 2683 2500

Republic of
Buryatiya,

High
160 30 30 100 1000 2683 2500

* WWLLN is World Wide Lightning Location Network, MAX is maximum.

Table 5 provides descriptions of scenarios for the ignition of a forest fuels, namely,
the trunk of a deciduous or coniferous tree by an electric current of the cloud-to-ground
lightning discharge. The main predictor in this table is the power of the cloud-to-ground
lightning discharge. Three scenarios of forest fire danger are presented in accordance with
the magnitude of the power of a cloud-to-ground lightning discharge. Each parameter is
fixed for a specified scenario. Furthermore, it should be noted that fire dangerous season
length is different for each study area.
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Table 4. Influence of the altitude of the forested area above sea level.

Scenario NTF NWWLLN NHC NTD AC, m AMAX, m WWWLLN, MW

Altay
Republic,

Low
200 25 20 100 1000 4000 2500

Altay
Republic,
Moderate

200 25 20 100 1500 4000 2500

Altay
Republic,

High
200 25 20 100 2000 4000 2500

Republic of
Buryatiya,

Low
160 20 20 100 1000 2683 2500

Republic of
Buryatiya,
Moderate

160 20 20 100 1500 2683 2500

Republic of
Buryatiya,

High
160 20 20 100 2000 2683 2500

* WWLLN is World Wide Lightning Location Network, MAX is maximum.

Table 5. Influence of characteristics of lightning activity on ignition.

Scenario NTF NWWLLN NHC NTD AC, m AMAX, m WWWLLN, MW

Altay
Republic,

Low
200 25 20 100 1000 4000 1500

Altay
Republic,
Moderate

200 30 25 100 1000 4000 2500

Altay
Republic,

High
200 35 30 100 1000 4000 3500

Republic of
Buryatiya,

Low
160 20 20 100 1000 2683 1500

Republic of
Buryatiya,
Moderate

160 25 25 100 1000 2683 2500

Republic of
Buryatiya,

High
160 30 30 100 1000 2683 3500

* WWLLN is World Wide Lightning Location Network, MAX is maximum.

4. Results and Discussion

It should be noted that the results of experiments to determine the kinetic mechanism
(and its parameters) of the ignition of large wood blocks (including a high-energy electric
discharge) are still unknown. The difficulty of implementing an experimental study of
this process is obvious. However, there is an approach [58], within which the conditions
of ignition of deciduous wood (birch) are described by two parameters (heat flow and
temperature of the ignition surface, Tables 6 and 7).
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Table 6. Experimental data for deciduous tree [58].

Ignition Delay, s Heat Flux, kW/m2 Surface Temperature, K

136 15 -

61.2 21 645

17.2 42 688

1.8 125 755

0.43 210 801

Table 7. Experimental data for coniferous tree [58].

Ignition Delay, s Heat Flux, kw/m2 Surface Temperature, K

63.5 12.5 658

45.0 21 700

11.1 42 726

2.6 84 773

0.4 210 867

The distribution of temperature along the radius of the trunk of a deciduous tree
without taking into account the surface layer of water at different points in time during the
action of a lightning discharge is shown in Figure 4: (1) t = 0.01 s; (2) 0.1 s; (3) 0.3 s; (4) 0.5 s.
Figure 5 shows the dependence of the temperature of the ignition surface and the density
of the heat flux to this surface on time.
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Figure 5. Temperature of the ignition surface and heat flux to the ignition surface at different times
(deciduous tree).

In Figure 5, numbers indicate: 1—temperature in the trunk at the border of the bark
and core; 2—temperature on the surface of the bark during heat release in the surface
layer of water; 3—heat flux to the ignition surface from the trunk core; 4—heat flux to the
ignition surface from the surface layer of water. The ignition conditions were determined
from the experimental data [58] (Table 6).

Figure 6 shows the temperature distribution along the radius of a tree trunk at var-
ious points in time before and at the time of ignition of a tree trunk by electric current:
(1) t = 0.01 s; (2) 0.1 s; (3) 0.3 s; (4) 0.5 s. Figure 7 shows the time dependence of the heat
flux from the subcortical zone to the ignition surface of the tree trunk and the temperature
of this boundary at various points in time. The ignition conditions of the trunk wood were
determined by experimental data [58] (Table 7):
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Figure 8 shows the dependence of the probability of a forest fire as a result of the
cloud-to-ground lightning discharge on the territory of the Altai Republic during the first
half of the day according to Table 2. Low, moderate, and high scenarios of lightning activity
are considered.
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Figure 8. Dependence of the probability of a forest fire as a result of the cloud-to-ground lightning
discharge on the territory of the Altay Republic during the first half of the day.

The curves of the probability of forest fire occurrence, typical for scenarios of low,
moderate, and high forest fire danger, are presented. The time interval is considered
from midnight to 13 o’clock in the afternoon. The choice of this time interval is due to a
number of forest fire danger factors. It is known [2] that most of cloud-to-ground lightning
discharges occur at night. This determines the choice of the lower time limit around
midnight. Second, from the morning hours until 13:00 there is an intensive evaporation of
moisture from forest fuels [46]. It is at 13 o’clock in the afternoon that the peak of forest
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fire danger caused by meteorological conditions is usually observed [50]. Therefore, it is
important for forest fire protection services to understand what level of forest fire danger
will be by 13 o’clock local time.

Figure 9 shows the dependence of the probability of a forest fire as a result of the
cloud-to-ground lightning discharge on the territory of the Republic of Buryatia in the first
half of the day according to Table 2. Low, moderate, and high scenarios of lightning activity
are considered.
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Figure 9 also shows curves typical for scenarios of low, moderate, and high forest fire
danger. Similarly, the calculation of the probability was carried out from midnight to 13:00
local time.

Figure 10 shows the dependence of the probability of a forest fire, due to the altitude of
the forested area above sea level when exposed to the cloud-to-ground lightning discharge
for the Altay Republic according to Table 3. Low, moderate, and high scenarios of lightning
activity are considered.
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Figure 10 shows curves typical for scenarios of low, moderate, and high forest fire
danger. The choice of the characteristics of various scenarios is due to the fact that it was
previously established that large values of the cloud-to-ground discharge current and their
number are characteristic of higher mountainous regions [46].

Figure 11 shows the dependence of the probability of a forest fire, due to the height of
the forested area above sea level when exposed to the cloud-to-ground lightning discharge
for the Republic of Buryatia according to Table 3. Low, moderate, and high scenarios of
lightning activity are considered.
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Figure 11. Dependence of the probability of a forest fire due to the altitude (low, moderate, and
high scenarios) of the forested area above sea level when exposed to the cloud-to-ground lightning
discharge for the Republic of Buryatia in the first half of the day.

Figure 11 also shows curves typical for different scenarios of forest fire danger.
Figure 12 shows a binary diagram of the probability of ignition for deciduous or

coniferous tree trunk by the cloud-to-ground lightning discharge current according to
Table 4. Typical range of lightning discharge magnitude is used for calculations.
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The value of the probability of ignition for tree trunk for synthetic data turned out to
be the same for similar scenarios of ignition by the cloud-to-ground lightning discharge, for
both deciduous and coniferous trees. It is clear that with the same energy characteristics,
the probability of ignition of a tree trunk by the cloud-to-ground lightning discharge will
be the same both for the territory of the Altay Republic and for the territory of the Republic
of Buryatia.

Separately, it is necessary to characterize the processes of ignition of deciduous and
coniferous trees by the cloud-to-ground lightning discharge. Despite the fact that in the
presented calculations using a one-dimensional mathematical formulation for deciduous
and coniferous trees, the ignition conditions turned out to be the same, in reality there will
be differences. As studies of the processes of ignition of deciduous and coniferous trees
by the cloud-to-ground lightning discharge in two-dimensional and three-dimensional
formulations have shown [50], the ignition delays and conditions themselves will slightly
differ. First, this is due to the geometric and structural heterogeneity of the trunk of
deciduous and coniferous trees [59].

In a deciduous tree, the trunk can be conditionally divided into two layers, represented
by the core and the bark layer. The core contains vessels that conduct moisture. Ignition
is susceptible to inter-vessel wood near the surface vessels. Since it is possible to access
oxygen in the air, at certain concentrations of oxygen and gaseous pyrolysis products and
the temperature of the gas mixture, gas-phase ignition of the tree trunk occurs. With the
passage of an electric current in internal vessels, both thermal stresses and processes of
intense vaporization can arise. Together, these processes can cause the trunk of a deciduous
tree to rupture. Calculation based on two-dimensional and three-dimensional mathematical
formulations [50] shows that the ignition of the trunk occurs in the zone of localization of
cracks in the bark layer.

The structure of the coniferous tree is somewhat different [59]. In the trunk of a
coniferous tree, three zones can be distinguished: the resinous core, the subcrustal layer,
and the bark. Moisture in the trunk of a coniferous tree moves in a narrow subcrustal zone.
It is here that the Joule heat is released and the subsequent ignition of the coniferous tree
trunk occurs. Moreover, the same physicochemical processes are characteristic that occur
in deciduous trees. However, thermal stresses and intense vaporization occur in a narrow
subcrustal zone. Therefore, for a coniferous tree, the breakdown of the bark layer is more
characteristic. The heated or burning fragments of the bark fall out onto the layer of the
ground combustible material and can lead to its ignition [50]. As a result, a surface forest
fire occurs.

It is also necessary to characterize the results obtained for assessing the probability of
a forest fire for various scenarios of forest fire danger. Analysis of Figures 8 and 9 shows
that the absolute probabilities of a forest fire as a result of the impact of the cloud-to-ground
lightning discharge are quite small. However, this value is not null. These values are
comparable both for the territory of the Altay Republic and for the territory of the Republic
of Buryatia. The differences in the numerical values are due to the difference in the duration
of the fire dangerous season and the parameters of lightning activity. Figures 8 and 9 show
that the maximum probability of a forest fire is typical for noon. Earlier it was indicated,
what caused this pattern. A comparative analysis of various scenarios shows a natural
increase in the probability of a forest fire for a scenario of high forest fire danger compared
to scenarios of low and moderate danger.

Analysis of Figures 10 and 11 shows that when the forested area is located at a higher
altitude relative to sea level, the probability of a forest fire is also higher. This is clearly
seen in the curves corresponding to scenarios of low, moderate, and high forest fire danger.
The absolute values of the probability of a forest fire are also comparable for the territory
of the Altay Republic and the territory of the Republic of Buryatia.

It should be noted that the probability of a forest fire is comparable to the proportion of
trees ignited during a lightning discharge [15–24]. Thus, parametric analysis and scenario
modeling show the adequacy of the change in the probability of a forest fire when the
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initial data included in the formula of the probabilistic criterion are varied. It should be
noted that the obtained formula for assessing the probability of a forest fire as a result of
the cloud-to-ground lightning discharge can be used in conjunction with the methodology
for predicting the number of forest fires [60].

It should also be added that since 2011, a simpler probabilistic formula has been used
in ISDM-Rosleskhoz in the Russian Federation [5]. This criterion uses statistics on the
occurrence of forest fires. The development of a new probabilistic criterion for predicting
forest fires, presented in this work, will allow in the near future to modernize the block
for calculating the probability of forest fires from lightnings in ISDM-Rosleskhoz, taking
into account the real data on cloud-to-ground lightning discharges and in mountainous
terrain. This study is part of two large projects to develop methods for predicting forest
fire dangers. Within the framework of the first regional project on the territory of the
Altay Republic, next year, it is planned to collect statistics on forest fires in forestry and
conduct a retrospective analysis of the developed probabilistic criterion for the occurrence
of forest fires, taking into account statistics on the occurrence of forest fires and real data on
lightning discharges registered by the WWLLN system. Prospects for development within
the framework of the second project with the support of JSC Russian Railways are due
to a joint analysis of the conditions for the occurrence of forest fires from lightnings and
the impact of the railway in buffer zones on the territory of the Republic of Buryatia. It
should be noted that the question of how to divide the interval of change in the probability
of a forest fire into five subintervals corresponding to different levels of forest fire danger
remains open. They will probably be uneven.

5. Conclusions

Thus, in this work, we propose an integrated deterministic-probabilistic approach to
predicting forest fire dangers due to lightning activity in mountainous terrain. As a result of
the study, a probabilistic criterion for assessing the occurrence of a forest fire caused by the
impact of the cloud-to-ground lightning discharge has been developed. Scenario modeling
and parametric analysis made it possible to establish that the calculated probability of a
forest fire occurrence adequately reflects the change in the initial data. Moreover, consistent
results were obtained for scenarios of low, moderate, and high lightning activity.

A quantitative analysis shows that, depending on the local time, the duration of the
fire dangerous season, the characteristics of lightning activity and the topography of the
study area, the probability of a forest fire is about 0.01–0.02 in absolute terms. These values
are similar to the percentage of trees ignited by the cloud-to-ground lightning discharges.
As a result of research [30], it was found that the efficiency of a thunderstorm (the number
of forest fires to the number of lightning discharges) for Catalonia is about 1/400. Thus,
only a few discharges lead to a forest fire and the development of methods for identifying
potential discharges that will lead to a fire, among the total number, is very important for
predicting forest fire hazards caused by a thunderstorm [30].

Thus, this paper presents a deterministic-probabilistic approach to predicting forest
fire danger due to thunderstorm activity. The deterministic part is based on physical and
mathematical models of forest fuel drying and ignition of coniferous and deciduous trees
by a cloud-to-ground lightning discharge. Heat transfer in a tree trunk under the influence
of a cloud-to-ground lightning discharge is described mathematically using the unsteady
heat conduction equations with the corresponding initial and boundary conditions. These
equations are solved by the finite difference method. As a result of numerical modeling,
the conditions for the ignition of a tree can be determined: the temperature of the ignition
surface and the heat flux from the heat release zone in the tree trunk to the bark layer. At
certain values of these parameters, which are presented in Tables 6 and 7, the ignition of
a tree trunk by a cloud-to-ground lightning discharge can be fixed. Using Equation (16),
one can determine the binary dependence of the ignition probability. The final probability
of a forest fire depends on time, since the probabilistic part (15) is calculated using a
mathematical model of forest fuel drying. Such a model describes the evaporation of



Forecasting 2021, 3 713

moisture from a forest fuel under the influence of external meteorological conditions and
depends on the time coordinate.

The paper proposes to use a forest fire probability scale in accordance with Table 2.
However, as a result of calculating the values of the final probability, they are very small
and, perhaps, one should speak not about the level of forest fire danger, but about the
probability of ignition as a result of a cloud-to-ground lightning discharge. As is known,
not all cloud-to-ground discharges lead to the ignition of forest fuel, and not all ignitions
pass into the stage of stable flame propagation, which is characteristic for a surface forest
fire. The issue of forest fire danger scales should be worked out in subsequent studies
using real data for a specific period of the definite fire season.

Further studies will be aimed at conducting a retrospective analysis of the obtained
probabilistic criterion for the occurrence of a forest fire using statistical data and parameters
of lightning activity recorded by the WWLLN network. This will allow in the future to
validate the developed probabilistic criterion.
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