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Abstract: Forest fires arise from anthropogenic load and lightning activity. The formation of a thunder-
storm front is due to the influence of a number of factors, including the emission of aerosol particles
from forest fires. The purpose of this study is mathematical modeling of heat and mass transfer in
vegetation firebrand carried out from a forest fire front, taking into account the formation of soot par-
ticles to predict forest fire danger from thunderstorm activity. Research objectives: (1) development of
a deterministic mathematical model of heat and mass transfer in a pyrolyzed firebrand of vegetation,
taking into account soot formation; (2) development of a probabilistic criterion for assessing forest fire
danger from thunderstorms, taking into account aerosol emissions; (3) scenario modeling of heat and
mass transfer and the formation of a thunderstorm front; (4) and the formulation of conclusions and
proposals for the practical application of the developed deterministic–probabilistic approach to the
prediction of forest fires from thunderstorms, taking into account aerosol emissions. The novelty of
this study lies in the development of a new model of heat and mass transfer in a pyrolyzed vegetation
firebrand and a new probabilistic criterion for forest fire danger due to thunderstorm activity, taking
into account aerosol emission. The distributions of temperature and volume fractions of phases in a
firebrand are obtained for various scenarios. Scenarios of surface fires, crown forest fires, and a fire
storm are considered for typical types of coniferous vegetation. Cubic firebrands are considered in the
approximation of a two-dimensional mathematical model. To describe the heat and mass transfer in
the firebrand structure, a differential heat conduction equation is used with the corresponding initial
and boundary conditions, taking into account the kinetic scheme of pyrolysis and soot formation.
Variants of using the developed mathematical model and probabilistic criterion in the practice of
protecting forests from fires are proposed. Key findings: (1) linear deterministic–probabilistic mathe-
matical model to assess forest fire occurrence probability taking into account aerosol emission and
lightning activity; (2) results of mathematical modeling of heat and mass transfer in firebrand taking
into account soot formation; (3) and results of scenario modeling of forest fire occurrence probability
for different conditions of lightning activity and aerosol emission.

Keywords: forest fire; forest fuel; firebrand; heat and mass transfer; pyrolysis; soot formation;
lightning activity; danger; probability

1. Introduction

In recent decades, many studies of thunderstorm activity have been carried out, prac-
tically, over all territories of the Earth [1–9]. Considering thunderstorm activity on a global
scale, this phenomenon can be associated with two complex processes: the thermodynamics
of a thunderstorm front and the presence of particulate matter, which is associated with the
presence of aerosol [10–18].

It is known that aerosol affects the processes of thunderstorm activity in different
ways. On the one hand, in the presence of aerosol, the atmospheric layer is heated and the
Earth’s surface cools as a result of the absorption and scattering of solar radiation [19–21].
On the other hand, aerosol can activate condensation nuclei in clouds, which leads to
the containment of precipitation and an increase in the duration of cloud cover and the
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appearance of thunderstorms [22–26]. It should also be noted that the aerosol can activate
the nuclei of the formation of ice particles, which also affects the processes of thunder-
storm activity [27,28]. Moreover, the processes of thunderstorm activity are affected by
the size of the aerosol, its type, and chemical composition [29]. For example, it has been
shown that an increase in the concentration of black carbon leads to an increase in heavy
precipitation [30,31]. Studies by other authors have also confirmed the influence of aerosol
properties on thunderstorm phenomena [32–36].

Aerosol can be released as a result of natural and human activities [37]. There are
various approaches to assessing the concentration and effect of aerosol in the atmosphere,
for example, the Absorbing Aerosol Index [38], and the vertical aerosol profile [39]. At
the beginning of the century, studies were carried out using data from the lightning
direction finding network National Lightning Detection Network (NLDN), which showed
an anomalous increase in thunderstorm activity with an increase in the concentration of
natural aerosol [40]. As a result of thunderstorm activity, forest fires occur [41–50].

On the other hand, as a result of pyrolysis and combustion of forest fuels, soot particles
of black carbon are formed, which enter the atmospheric layer during forest fires [51,52].
Black carbon can be formed during pyrolysis and combustion of forest fuels in the forest fire
front [53,54] and during pyrolysis and afterburning of firebrands and particles carried out
from the forest fire front [55–58]. Numerical study of soot formation processes is important
in the context of the occurrence of forest fires from thunderstorms and the development of
methods for predicting forest fire danger [59–65].

It should be noted that there are two approaches to predicting the occurrence of forest
fires. Firstly, one direction is work on the creation of methods for assessing the risks of
forest fires [66], and the second direction is associated with the development of methods
for predicting and assessing forest fire danger [67]. Many researchers erroneously position
their developments as results in the field of risk analysis of forest fire danger. According
to the mathematical theory of risk analysis, danger is the probability of a forest fire, and
the risk of a forest fire is the product of the probability of a forest fire and the potential
damage from a forest fire. Therefore, it is relevant to develop methods for predicting forest
fire danger based on a rigorous theory of risk analysis.

The aim of the work is to develop a deterministic–probabilistic method for predicting
forest fires from thunderstorms, taking into account the effect of aerosol emission on the
formation of a thunderstorm front.

The rest of the article is organized as follows. Section 2: Materials and Methods;
Section 3: Results and Discussion; and Section 4: Conclusion. The current published results
on the topic taken under consideration and the aim of the research is described in the
Introduction section. The mathematical method and the data processing procedure are
described in the Materials and Methods section. The key findings are described in the
Results and Discussion section, accompanied by some considerations and discussions. A
summary of the research and further developments are described in the Conclusion section.

2. Materials and Methods

The territory of the republic is 92.6 thousand square kilometers. The Republic of
Altai [68] is located in the very center of Asia at the junction of the Siberian taiga, the
Kazakh steppes, and the semi-deserts of Mongolia. It is a mountainous country with an
extremely picturesque 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-Altaisk to Moscow is
3641 km; from Gorno-Altaisk to Barnaul, 250 km; and from Gorno-Altaisk to the nearest
railway station (Biysk), 100 km. 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 spaces 0.9%, and other lands 33.1%. The territory of the Republic
stretches for more than 350 km from north to south and 400 km from east to west, from a
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low mountain zone to a high mountain zone, which causes a significant difference in the
natural and economic complex of 10 regions of the republic.

The Republic of Altai 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 foehn-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 western
air masses.

A significant influence on the climate of the Altai Mountains has a relief that forms a verti-
cal climatic zonality, a low-mountain climate zone (up to 500–600 m), a mid-mountain climate
zone (from 500 to 1500 m and more), a high-mountain climate zone (over 2000–2500 m).

The relief of the republic is characterized by high ridges, separated by narrow and
deep river valleys, and rare wide intermountain basins. The highest mountain, Belukha,
which has an elevation of 4506 m, is the highest point in Siberia.

Communications: Automobile transport is the leading transport in the republic. The
length of highways is more than 3.2 thousand km, of which 541 km is 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 the city of Gorno-Altaysk, the only city of the republic, located in its

northwestern part. Territory: 91 sq. km. The city of Gorno-Altaisk as a settlement of Ulala
was founded in 1830, it received the status of a city in 1928. The distance from Gorno-Altaisk
to Moscow is 3641 km, and to the nearest railway station in Biysk is 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 are included in the UNESCO World Heritage List by the decision of UNESCO.

The algorithm for calculating the probability of a forest fire from a thunderstorm is
shown in Figure 1. At the first stage, the input data necessary for the operation of the
computational procedure implemented in a high-level programming language are read
and initialized in accordance with the algorithm. Then the calculation process goes through
several successive stages. Three blocks can be distinguished. The first block is responsible
for calculating the temperature field in a firebrand. Since the system of equations being
solved corresponds to a two-dimensional setting, the locally one-dimensional method
for solving two-dimensional equations of mathematical physics is used [69,70]. The finite
difference method was used to solve one-dimensional equations [71]. To solve difference
analogs of partial differential equations of parabolic type, the marching method is used [72].
In each block, the calculation is carried out in an identical way. In the forward pass,
the running coefficients are initialized, and in the backward pass, the temperature is
calculated at the next time layer. The second block allows you to calculate the volume
fractions of phases, including dry organic matter and soot particles. For this, the numerical
implementation of the kinetic schemes of pyrolysis and soot formation is used. To solve
systems of ordinary differential equations, the finite-difference method is also used, taking
into account the method of simple iteration to resolve nonlinearity in the right-hand sides
of differential equations [73].
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Figure 1. Scheme of the algorithm for calculating the probability of a forest fire.

The next block allows you to calculate the probability of a forest fire from lightning
activity, taking into account soot particles. The probabilistic characteristic of the occurrence
of a forest fire from a thunderstorm front, which in turn arises from various factors, one of
which is an aerosol particle, namely soot, is considered.
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This deterministic–probabilistic mathematical model partially uses synthetic input
data. Industrial operation requires additional development. The method for calculating the
probability of a forest fire from a thunderstorm, taking into account aerosol emissions, can
be schematically presented according to the diagram in Figure 2.

Figure 2. Scheme with feedback.

Basically, it is a feedback system. However, a linear circuit is currently implemented
according to Figure 3.

Figure 3. Linear system.
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Basically, it is a linear model. It should be explained why it is currently impossible
to organize calculations with feedback. In this deterministic–probabilistic technique, the
probability of the formation of a thunderstorm front is estimated, and not the modeling
of physicochemical and electrical processes. In the future, a deterministic mathematical
model of aerosol transport and the formation of a thunderstorm front should be devel-
oped. However, these are tasks for a separate study, which requires field observations
and experiments.

The mathematical formulation of the probabilistic model is written as the product of
two dependent events [74]:

P(FF) = P(L)·P
(

FF
L

)
, (1)

where
P(FF) is the probability of a forest fire;
P(L) is the probability of occurrence of a thunderstorm front;
P(FF|L) is the conditional probability of a forest fire from thunderstorms, taken according
to statistical data according to the formula [73]:

P(FF|L) ≈ NFF
NTF

, (2)

where NFF is the number of forest fires caused by thunderstorms, and NTF is the total
number of forest fires.

The probability of the formation of a thunderstorm front from various factors can be
calculated using the formula [74]:

P(L) = 1−
6

∏
i=1

(1− Pi), (3)

where Pi is the factor of formation of a thunderstorm front. In particular, we single out an
aerosol particle as a factor: P1 is a probability to achieve critical concentration of aerosol
particles; P2 is a probability of unstable atmosphere stratification; P3 is the probability to
reach the critical temperature of the lower air layers; P4 is the probability to achieve critical
moisture concentration in the surface layer; P5 is the probability to achieve critical moisture
concentration at a height of 10 km; and P6 is the probability to achieve critical intensity of
vertical mass transfer.

P1 =

{
0, i f ϕ2 < ϕ2cr
1, i f ϕ2 > ϕ2cr

, (4)

where ϕ2 is the volume fraction of soot (should be varied in scenarios), and ϕ2cr is the
critical value of the volume fraction of soot (ϕ2cr is taken equal to 0.03).

The numerical implementation of the problem was carried out on the basis of the
following mathematical model. System of basic assumptions:

• The firebrands are modeled by a square solution area with dimensions of 0.1 m to 0.01 m;
• It is assumed that the material of the firebrand is modeled in the concept of a contin-

uum mechanics;
• It is assumed that there is no moisture in the firebrand material;
• The convective heat exchange of a firebrand with the environment occurs in accordance

with the statement about the same temperature of a forest fire in the area where the
firebrand is located;

• It is believed that the thermophysical characteristics of a firebrand and air do not
depend on temperature;

• The transport of a firebrand in a forest fire plume and its possible collisions with other
firebrands are not considered;

• The pyrolysis of dry organic matter is taken into account based on the kinetic scheme
proposed in [75];
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• Pyrolysis of dry organic matter is considered as a one-stage process;
• The temperature distribution is described by a non-stationary nonlinear heat equation;
• Soot formation is taken into account according to the kinetic scheme proposed in [76];
• The volume fraction of soot particles is proportional to the volume fraction of dry

organic matter decomposed during pyrolysis with dispersion coefficient αs.

The following types of forest fires are considered [77]:
Surface fire: α = 80 W/(m2·K), T0 = 900 K;
Crown fire: α = 150 W/(m2·K), T0 = 1000 K;
Firestorm: α = 200 W/(m2·K), T0 = 1200 K.
Thermophysical properties of pine [78]:
ρ = 520 kg/m3, λ = 0.15 W/(m·K), c = 2300 J/(kg·K).
Thermophysical properties of spruce [78]:
ρ = 450 kg/m3, λ = 0.11 W/(m·K), c = 2200 J/(kg·K).
Thermophysical properties of birch [78]:
ρ = 630 kg/m3, λ = 0.15 W/(m·K), c = 2400 J/(kg·K).
The average air temperature in the Siberian and Altai regions was used as the ambient

temperature [79]:
Spring (April): Te = 275 K;
Summer (July): Te = 293 K;
Autumn (September): Te = 283 K.
Mathematical formulation of the problem for the two-dimensional heat equation with

boundary conditions of the 3rd kind and taking into account pyrolysis and soot formation.
The mathematical formulation of the problem looks like:

ρc
∂T
∂t

= λ

(
∂2T
∂x2 +

∂2T
∂y2

)
− qkρϕ1 exp

(
− E

RT

)∣∣∣∣0 < x < L;
0 < y < H.

(5)

The initial and boundary conditions are written as follows:

t = 0 : T = T0, 0 < x < L, 0 < y < H

x = 0 : −λ ∂T
∂x = α(Te − T), t > 0

x = L : λ ∂T
∂x = α(Te − T), t > 0

y = 0 : −λ ∂T
∂y = α(Te − T), t > 0

y = H : λ ∂T
∂y = α(Te − T), t > 0

(6)

Kinetic equations and initial conditions:

ρ
∂ϕ1

∂t
= −kρϕ1 exp

(
− E

RT

)
, (7)

ρs
∂ϕ2

∂t
= αskρs ϕ1 exp

(
− E

RT

)
, (8)

t = 0 : ϕ1 = ϕ10, ϕ2 = ϕ20 (9)

where α is the heat transfer coefficient; c is the heat capacity; E is the activation energy for
the pyrolysis process; ϕ1 is the volume fraction of dry organic matter; ϕ2 is the volume
fraction of soot particles; ϕ3 is the volume fraction of the gas phase; k is the pre-exponential
factor for the pyrolysis process; λ is thermal conductivity; qp is the thermal effect of the
pyrolysis process; R is the universal gas constant; ρ is the density; t is time; Tff is the
temperature at the flame front; T is the temperature; x, y are spatial coordinates; and
subscript s is soot.
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3. Results and Discussion

Table 1 shows the main scenarios for mathematical modeling of heat and mass transfer
in a firebrand, taking into account soot formation. The main types of forest fires are
considered: surface fires of low and high intensity, crown forest fire, and fire storm. The
choice of typical tree species is due to their wide distribution on the territory of the Siberian
and Altai regions in particular, and on the territory of the Russian Federation as a whole [80].
Each type of forest fire corresponds to a certain temperature in the forest fire front and
the heat transfer coefficient, which characterizes the speed of the forest fire front [81]. The
dispersion coefficient was chosen in accordance with the previously published work [53],
taking into account the results of [76].

Table 1. Main scenario on heat transfer modeling of firebrand with soot formation.

Forest Fire Type Flame
Temperature

Heat Transfer
Coefficient

Dispersion
Coefficient Forest Fuel

Low-intensity
Surface Fire 900 K 80

0.01
0.03
0.05

Pine
Fir

Birch

High-intensity
Surface Fire 1000 K 150

0.01
0.03
0.05

Pine
Fir

Birch

Crown Fire 1100 K 180
0.01
0.03
0.05

Pine
Fir

Birch

Fire Storm 1200 K 200
0.01
0.03
0.05

Pine
Fir

Birch

The sizes of firebrands varied in the range from 10 cm to 1 cm in cross section. This cor-
responds to the real size range of firebrands formed during the combustion of wood [82–84].
Scenario calculations were carried out for all types of forest fires, including low and high
intensity surface fires, crown forest fire, and firestorm. This section presents typical results
from a low-intensity surface fire.

Scenario A: low-intensity surface fire, spring season, different types of forest fuels,
and transverse firebrand size 1–10 cm.

Figure 4 shows the temperature distributions in the firebrand with different sizes at
time points of 10 s.

Figure 5 shows the temperature dependences at different points of the firebrand on
the time of flight in the air for firebrands 1–10 cm in size.

Figure 6 shows the dependences of the volume fractions of phases on time for a
firebrand with a transverse dimension of 10 cm.

Figure 7 shows the dependences of the volume fractions of phases on time for a
firebrand with a transverse dimension of 1 cm.

At the moment, the simulation of heat and mass transfer in a single heated pyrolyzable
firebrand of wood has been carried out in the work. The mathematical model takes into
account only the initial temperature of the firebrand taken out of the forest fire front and
the air temperature in the surface layer of the atmosphere immediately near and above
the forest fire front. At the moment, the temperatures of various atmospheric layers are
not considered in the work. Moreover, this is not necessary since the dry organic matter of
the firebrand thermally decomposes almost completely within a few seconds. A heated
firebrand can simply not be carried to a higher atmospheric layer. In the case of a massive
firebrand of a sufficiently large size, it can, on the contrary, move quickly enough to the
surface of the Earth under the action of gravity. The formation of soot particles, which are
the centers of formation of aerosol particles, also occurs within a few seconds. It would
be expedient to consider the temperatures of different atmospheric layers in mathematical
modeling of aerosol transport in the atmosphere. However, at the moment, this is not
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modeled in the work. This is worth performing in future research. Data for ambient air
temperature, borrowed from the climate reference book [79], were used. It is clear that this
is not enough new data, but at present this is enough to demonstrate the operation of a
mathematical model. Specifically, for the scenario modeling in this work, we used data
from the Gorno-Altaisk meteorological station. So far, modeling of the spatial dynamics
of aerosol propagation is out of the question in this work, since this is the subject of a
separate study. Therefore, at the moment the spatial resolution of meteorological data
does not matter. However, looking ahead, we can suggest using the forecast fields of
meteorological parameters generated using a non-hydrostatic mathematical model of
weather forecasting [85]. This mathematical model is currently used by Roshydromet of
the Russian Federation to obtain short-term and medium-term weather forecasts. Thus,
there are all technical possibilities to conduct such studies in the future.

Figure 4. Cont.
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Figure 4. Temperature distribution in the firebrand at the moment of time 10 s: (a) transverse
dimension 10 cm; (b) transverse dimension 5 cm; (c) transverse dimension 1 cm.

Figure 5. Cont.
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Figure 5. Dependence of temperature on time at different points of the firebrand for different firebrand
sizes: (a) transverse dimension 10 cm; (b) transverse dimension 5 cm; (c) transverse dimension 1 cm;
curves 1: in the center of the firebrand; 2: first quarter; 3: on the border of the firebrand.
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Figure 6. Cont.
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Figure 6. Dependences of volume fractions of phases on time for firebrand with a transverse
dimension of 10 cm: 1: dry organic matter; 2: soot particles; 3: gas mixture; (a) dispersion coefficient
0.01; (b) dispersion coefficient 0.03; (c) dispersion coefficient 0.05.

Figure 7. Cont.
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Figure 7. Dependences of volume fractions of phases on time for firebrand with a transverse
dimension of 1 cm: 1: dry organic matter; 2: soot particles; 3: gas mixture; (a) dispersion coefficient
0.01; (b) dispersion coefficient 0.03; (c) dispersion coefficient 0.05.

Consider the following scenarios:
A: All factors are fixed, the volume fraction of soot varies. The dependence of the

probability of occurrence of a thunderstorm front on the types of fire is analyzed. However,
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we consider mainly the spring period of fire activity, then the probability of the critical
temperature of the lower layers of air is lower than the others.

B: there is a specific type of fire (for example, a firestorm), the number of factors for
the formation of a thunderstorm front varies.

Scenario A is characterized by the following parameters:

P2= 0.5; P3= 0.1; P4= 0.9; P5= 0.5; P6 = 0.5.

As the values of the soot volume fraction, their values were taken from the previous
study for the maximum value of the soot volume fraction field:

For surface forest fire ϕ2 = 0.035;
For crown forest fire ϕ2 = 0.031;
For firestorm ϕ2= 0.017.
The conditional probability of forest fires from thunderstorms (Table 2) were taken

for different types of fire on the basis that in wooded and forest-meadow areas, crown fire
most often occurs from thunderstorms, and least often, a fire storm. The spring season is
also taken into account:

Table 2. Probability of a forest fire from thunderstorm activity, taking into account the influence of
soot particles on the formation of a thunderstorm front in the spring for scenario A.

Forest Fire Type P(L) P(FF)

Surface forest fire 1 0.2
Crown forest fire 1 0.4

Fire storm 0.988 0.148

Surface forest fire P(FF|L) = 0.2;
Crown forest fire P(FF|L) = 0.4;
Firestorm P(FF|L) = 0.15.
Scenario B is characterized by the following parameters:
Option 1 factors for the formation of a thunderstorm front are insignificant:

P2= 0.1; P3= 0.1; P4= 0.1; P5= 0.1; P6 = 0.1.

Option 2 most likely unstable stratification of the atmosphere:

P2= 0.9; P3= 0.1; P4= 0.1; P5= 0.1; P6 = 0.1.

Option 3 is the most likely first two factors:

P2= 0.9; P3= 0.9; P4= 0.1; P5= 0.1; P6 = 0.1.

Option 4 is the most likely first three factors:

P2= 0.9; P3= 0.9; P4= 0.9; P5= 0.1; P6 = 0.1.

Option 5 All factors are half probable:

P2= 0.5; P3= 0.5; P4= 0.5; P5= 0.5; P6 = 0.5.

Table 3 presents the results of a numerical calculation of the probability of a forest
fire from thunderstorm activity, taking into account the influence of soot particles on the
formation of a thunderstorm front in the spring for scenario B.
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Table 3. Probability of a forest fire from thunderstorm activity, taking into account the influence of
soot particles on the formation of a thunderstorm front in the spring for scenario B.

Option P(L) P(FF)

I 0.4095 0.0614
II 0.9344 0.1402
III 0.9927 0.1489
IV 0.9992 0.1499
V 0.9688 0.1453

In addition to scenario modeling, the results of a comparative analysis of forest
fire probability estimates for a semi-synthetic set of initial data can be presented. It is
proposed to conduct a comparative analysis with two other methods for predicting forest
fire danger. The first technique is the Nesterov criterion [86], which is the official state
standard for predicting forest fire danger in the territory of the Russian Federation [64].
The second technique is a deterministic–probabilistic model for predicting forest fires from
thunderstorms for mountainous areas, such as Gorny Altai in the Russian Federation [61].
Previously, scenario modeling was carried out for the territory of the Republic of Buryatia
and the Republic of Altai. Comparative data on the probability of a forest fire is presented
in Table 4.

Table 4. Comparative analysis of various methods for predicting the probability of a forest fire from
a thunderstorm.

N Conditions Current Method Nesterov Index Method [61]

1 Surface forest fire 0.2 0 0.2
2 Crown forest fire 0.4 0 0.2
3 Fire storm 0.148 0 0.2

An analysis of the results shows that only accounting for aerosol provides differenti-
ated results in assessing the probability of a forest fire. The Nesterov criterion does not take
into account thunderstorm activity at all.

An analysis of the results presented in Figure 4 shows that the cooling of smaller
firebrands is noticeably faster than that of larger ones. However, the central part of the
firebrand remains heated to the initial temperature for several tens of seconds. Only small
firebrands of the order of 1 cm can be found to cool the near-surface layers to temperatures
of 650–700 K. However, both these temperatures and the heat reserve of the firebrand is
sufficient so that, under certain conditions, the sedimentation of such a firebrand on the
ground layer of forest fuels leads to its ignition [55,87,88].

In addition, numerical simulations were performed for high intensity surface fire,
crown fire, and firestorm scenarios. A comparative analysis of the results shows that the
lowest cooling rates are characteristic of firebrands emitted from the front of a low-intensity
surface forest fire. This is explained by the lowest rate of their transport by a plume from
a forest fire in the air [89,90]. The maximum cooling rates are characteristic of firebrands
emitted during the occurrence of a fire storm, since in this case the rate of removal of heated
firebrands is the maximum. According to [80], the speed of firebrand transport affects the
heat transfer coefficient and intensifies the convective heat exchange of a heated firebrand
with an air flow.

According to Figure 5, the central part of the heated firebrand retains its original
temperature during the entire simulation period (10 s). Only at the border is there a
noticeable cooling. On the one hand, in a certain range of transport times for such firebrands,
they retain a fire hazard. On the other hand, thermal decomposition and destruction of the
backbone of the firebrand, dry organic matter, occurs in the surface layers. As a result, the
near-surface layer is destroyed, especially upon physical contact with the surface of the
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ground forest fuel. In turn, this leads to the possibility of contact of the more heated central
part of the firebrand with the forest fuels and, as a result, to its ignition.

Figure 6 shows the dependences of the volume fractions of phases on time for the
center of the firebrand. These data can be used to judge pyrolysis and soot formation in
the particle as a whole, since the central part retains the initial maximum temperature for
a long time. An analysis of the results presented in Figure 4 shows that the dispersion
coefficient has the maximum effect on the value of the volume fraction of soot particles.
For a firebrand with a transverse dimension of 10 cm, soot formation proceeds intensively
during the first two seconds of firebrand transport in air. Moreover, dry organic matter
decomposes almost completely under the influence of elevated temperature over a period
of 4 s.

Similar results for firebrands with a transverse dimension of 1 cm are shown in Figure 7.
A comparative analysis shows that the smaller the firebrand, the more intense and faster
the formation of soot particles. In fact, the more relatively small firebrands emitted by the
forest fire front, the more soot particles are formed during the transport of firebrands in
the air.

The second block of results is devoted to scenario modeling of the formation of a
thunderstorm front and the subsequent occurrence of a forest fire from a cloud-to-ground
lightning discharge. A fairly simple probabilistic mathematical model is presented. It
should be noted that mathematical modeling of atmospheric circulation [85,91] and electri-
fication of soot particles [92] is beyond the scope of this study. Nevertheless, future work
can and should be devoted to the study of these issues with the help of deterministic
mathematical modeling.

To assess the accuracy of mathematical modeling, first of all, it should be noted that
the finite difference method used in this work makes it possible to calculate the temperature
in the firebrand and the volume fractions of dry organic matter and soot particles with an
approximation order of O(h), which means the accuracy of finding the indicated physical
parameters is on the level of the order of the step of the difference grid in space. This is
a fairly high, even excessive, accuracy in determining the temperature field and volume
fractions in firebrands, taking into account their subsequent use in the probabilistic criterion.
In addition, the results of mathematical modeling of heat and mass transfer in an element
of forest combustible material (birch leaf) under the influence of a forest fire front were
previously published [53]. Comparative analysis shows that there is a qualitative agreement
between the obtained results. This fact also allows us to state that the mathematical model
of the formation of soot particles proposed in this work is adequate to the physics of
the process. As for the probabilistic criterion, it is currently impossible to quantitatively
verify the proposed mathematical model. First, we need data on the emission of soot
particles for a given region. Moreover, it is desirable to have data from lidar sounding of
the atmosphere. Secondly, a mathematical model of the formation of a thunderstorm front
is needed based on a system of differential equations with appropriate initial and boundary
conditions. The development of such a model is the subject of a separate study. It should
be noted that the Institute of Atmospheric Optics of the Siberian Branch of the Russian
Academy of Sciences (Tomsk, Russian Federation) has developments for atmospheric
sounding using lidar technologies, and in the future it is possible to collaborate with
colleagues from this institute to carry out work on validating the probabilistic criterion for
assessing the formation of a thunderstorm front and the probability occurrence of a forest
fire. However, once again it should be emphasized that this requires separate experiments
and field observations.

Similar to any development, the proposed mathematical model has certain limitations.
First, in the present paper we consider only firebrands with cubic geometry in the approx-
imation of a two-dimensional formulation. In reality, there is a significant proportion of
firebrands with spherical and cylindrical geometries. At the moment, such a geometry of
firebrands is not considered. For example, small pinecones can be geometrically described
using a ball in zero approximation. Branch fragments have a cylindrical geometry. How-
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ever, in the future it will not be difficult to take into account these options for the geometry
of firebrands. To do this, it is only necessary to develop two additional software modules
in which the heat equations are solved using spherical and cylindrical coordinates. The
equations for describing the kinetics of changes in the volume fractions of dry organic
matter and soot particles remain in the same form, since they are solved at each point of
the firebrand. It should also be noted that a small proportion of firebrands has an arbi-
trary geometry. On the one hand, firebrands with such a geometry can be ignored. On the
other hand, in the mathematical modeling of objects with complex geometry, approximate
geometric modeling (Bakhvalov) is often used, when the original object is replaced by a
figure that describes this object along its outer boundaries. That is, the original object is
geometrically inscribed in this figure, which serves as a new solution area. As a result, all
objects are reduced to the geometry of a cube, sphere, or cylinder. Secondly, this paper
does not consider the issues of aerosol propagation in time and space. It is believed that
all the formed soot particles instantly enter the atmosphere. This assumption is used by
analogy with heat and mass transfer processes in thermal protection problems. In such
problems, it is considered that the resulting pyrolysis products of the protective coating
instantly appear in the near-surface layer above the thermal protection element. For this
reason, at the moment it is not possible to build maps showing the spatial distribution of
the probabilities of the formation of a thunderstorm front and the occurrence of a forest
fire. Thirdly, it is not possible to take into account the temperature of various atmospheric
layers and consider the spatial processes that occur during the formation of a thunderstorm
front. In fact, at the moment, the probabilistic criterion works for the most part as a black
box simulation model. In future studies, will also be necessary to build a deterministic
mathematical model of spatio-temporal physical processes occurring during the formation
of a thunderstorm front, and not only to estimate the probability of its formation using a
black box simulation model. Moreover, the last limitation is related to the impossibility to
represent the change in the probability of the formation of a thunderstorm front in time.
This limitation is a consequence of the previous limitation.

4. Conclusions

As part of the research, a scenario numerical simulation of heat and mass transfer
processes in a single firebrand was carried out, taking into account the formation of
soot particles.

As a result, the following tasks were solved:

(1) A mathematical model of heat and mass transfer in firebrand was developed within
the framework of a two-dimensional formulation, taking into account pyrolysis and
the formation of soot particles;

(2) A probabilistic criterion for forest fire danger was developed, taking into account the
formation of a thunderstorm front during aerosol emission;

(3) Scenario numerical simulation was carried out and the obtained results were analyzed;
(4) Within current research, next probabilities of forest fire occurrence were obtained:

0.2 for surface forest fire, 0.4 for crown forest fire, and 0.148 for fire storm.

The proposed mathematical model makes it possible to develop new or upgrade exist-
ing systems for predicting forest fire danger [62–64,93] using a deterministic–probabilistic
approach. The experience of operating the Canadian Forest Fire Danger Rating System,
presented in a number of publications, shows that the use of predicting systems leads
to a reduction in both environmental and socio-economic damage [94]. Forest fire risk
prediction is the first and most important step in the fight against forest fires [95].

The developed model is implemented in the high-level programming language Delphi.
The RAD Studio program [96] was used for calculations. The developed console application
can be used with GIS systems [97,98] to visualize predictive information, taking into account
spatial localization [99].
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