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Abstract: The results of seminatural experiments on the study of steppe and field wildfires char-
acteristic of the steppe and forest-steppe zones of Western Siberia are presented. Using infrared
(IR) thermography methods, the main thermal characteristics of the fire front are derived, the flame
turbulence scale is estimated, and changes in the structure function of the air refractive index are
analyzed in the vicinity of a fire. The effect of a model fire on the change of meteorological parame-
ters (wind velocity components, relative air humidity, and temperature) is ascertained. Large-scale
turbulence is observed in the front of a seminatural fire, which is absent in laboratory conditions.
The predominance of large-scale turbulence in a flame results in turbulization of the atmosphere in
the vicinity of a combustion center. Strong heat release in the combustion zone and flame turbulence
increase the vertical component of the wind velocity and produce fluctuations in the air refractive
index, which is an indicator of atmospheric turbulization. This creates prerequisites for the formation
of a proper wind during large fires. Variations in the gas and aerosol compositions of the atmosphere
are measured in the vicinity of the experimental site.

Keywords: wildfire; atmosphere; IR thermography; combustion; turbulence

1. Introduction

Many wildfires (forest, steppe, and peat) occur every year in the world. An increase
in temperature can result in an increase in the size of the burnt-out area, fire frequency, and
the scale of the effects [1,2]. They often have grave and even catastrophic consequences [3],
including not only the ravaging of biogeocenoses but also the emission of a huge amount
of combustion products (gases and aerosols) into the atmosphere, which can be dispersed
over a very far range [4–8]. Natural fires annually occur on five continents and are studied
in different countries. For example, emissions of combustion products in the Amazon basin
are considered in [9], the black carbon emission from fires in Southeast Asia is studied
in [10], the results of the study of aerosol emissions in East Africa are presented in [11],
and the emissions of gaseous combustion products and aerosols in Mexico are studied
in [12]. In [13,14], special attention is paid to the consequences of wildfires, which manifest
themselves in a global change in biocenoses on one hand and in the impact of carbon, gas,
and aerosol emissions on climate change on the other hand.

Though the study of wildfires in the world began in the 20th century [15–24], the
questions of the simulation of wildfire propagation, the prediction of its occurrence, and
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the assessment of its consequences are still far from even being specified, which allows
us to confidently state that the study of these problems is still in its infancy. Therefore,
experimental studies are carried out in the world, including seminatural studies [25–31].
They aim to study the spread of wildfires and assess their effects on the atmosphere via
aerosol emissions, their effects on wind, etc. The emissions and transport of gaseous
combustion products of wildfires [32–34], the atmospheric emissions of mercury from fires
in eucalyptus forests [33], and the emissions of condensed combustion products and smoke
and the effects of wildfires on wind speed [34] are studied in these experiments. Predictive
models of fire and smoke are used to estimate the propagation of the fire front and burning
products through the atmosphere. However, the accuracy of these models is questionable
because of a lack of experimental data for verification. The accuracy of the assessment of
smoke emission from a wildfire strongly depends on the accuracy of the parameters of the
area burnt, preburned vegetation biomass, and fuel and its consumption [35–38]. Smoke
dispersion is highly dependent on large-scale meteorology parameters and smoke plume
height [39,40]. The latter is determined by fire geometry and intensity [41].

A significant release of thermal energy during fires, accompanied by turbulent pro-
cesses in the burning front, obviously affects meteorological parameters, namely wind
speed, induced atmospheric turbulence, and changes in air temperature and relative hu-
midity. Variations in these air parameters directly influence the transport of gaseous
combustion products, smoke, and aerosols.

In [22], a hypothesis about “own wind” formed during large-scale forest fires was
suggested on the basis of mathematical simulation and observations made during experi-
ments with wildfires. This phenomenon was considered the consequence of the release
of a significant amount of thermal energy during combustion, convection, and the turbu-
lence effect on the atmosphere in the burning front. Such aspects of the wildfire effect on
the atmosphere remain blind spots because these phenomena cannot be simulated under
laboratory conditions, while in situ experiments are difficult to carry out, are accompanied
by a number of uncontrolled parameters, and require a set of static data.

Thus, we can state that the impact of wildfires on the environment and climate is
extremely complex and multifactorial, requiring a comprehensive study with a variety of
measuring equipment. There are large gaps in the studies of turbulence in the combustion
zone and the formation of atmospheric turbulence in the vicinity of a fire, the effect of
a fire on meteorological parameters (temperature, air humidity, wind speed, etc.), and
the emission of aerosols and gases into the atmosphere during biomass burning. Since
gases and aerosols are transported over considerable distances in the atmosphere, the
study of this effect of fires on the atmosphere can create fundamental prerequisites for the
development of essential new approaches for detecting distant fires.

In this work, we present the results of seminatural experimental studies of the propa-
gation of the front of a steppe fire and its effect on meteorological parameters, the formation
of atmospheric turbulence due to the dissipation of turbulent structures in the flame, and
the emission of gaseous combustion products and aerosols. The related experimental data
expand the fundamental knowledge about the effect of wildfires on changes in wind speed,
air temperature, turbulence, and transport of combustion products.

2. Experiments

The experiment on steppe fire simulation was carried out on 4 May 2019, on the
territory of the Basic Experimental Complex (BEC) of V.E. Zuev Institute of Atmospheric
Optics of Siberian Branch of the Russian Academy of Science (IAO SB RAS) [42,43]. A
strip 40 m long and 15 m wide was chosen as the main experimental site. Figure 1 shows
a satellite image of the BEC where the experimental site and measurement equipment
are marked.

To study the effect of a steppe fire on the formation of atmospheric turbulence, weather
parameters were measured at altitudes of 3 and 10 m (points 8 and 9 in Figure 1). The air
temperature, relative humidity, and pressure were collected with ultrasonic weather station
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“AMK-03”. These weather stations measured the air temperature in the range from −50 to
+50 ◦C with an error of ±0.5 ◦C, the vertical wind speed in the range from −15 to +15 m/s
with an error of ±0.2 m/s, the horizontal wind speed in the range 0.1–30 m/s with an error
of 0.1 m/s, the horizontal wind direction with an error of ± 4◦, the relative air humidity in
the range 15–100% with an error of ±3%, and the atmospheric pressure in the range from
693 to 1067 hPa with an error of ±1 hPa [44]. The moisture content of green fuel (GF) was
determined accurate to 0.01% with the use of an A&D MX-50 moisture analyzer. The stock
of GF at the experimental site varied within the range 0.476–0.563 kg/m2.

The contactless IR thermography technique was used to study the temperature field
and turbulence parameters in the flame. The temperature field at the fire front and the
flame structure were controlled with an infrared camera JADE J530SB (sampling frequency
is 50 frames/s; the error was no higher than 0.01 K) in the narrow spectral range 2.5–2.7 µm.
The choice of the spectral range was determined by the emission spectrum of main flame
combustion products [45]. Bays with chromel–alumel (XA) thermocouples type K with
a junction diameter of 250 µm were placed inside the experimental strip to correct the
flame emissivity and control the propagation of the fire front (Figure 1) according to the
technique used in experiments carried out in 2011 [46].

Similar experimental studies of fire front propagation and its effect on wooden fences
and a peat layer were carried out at BEC in 2011 [46]. The experimental site used in 2011
is also shown in Figure 1. During experiments in 2011, the meteorological parameters
were measured and the gaseous and aerosol composition of the atmosphere was estimated
in the vicinity of the combustion front; these results were not included in the work [46].
Nevertheless, the analysis of the experiments of 2011 resulted in the conclusion of needing
further studies on the wildfire effect on air parameters. The results of such studies are
presented in this work. These results were received from a monitoring post described in [43],
which allows measuring the following parameters: the concentration of SO2 in the range
0–2000 µg/m3 with an error of 25%, the concentration of NO in the range 0–1000 µg/m3

with an error of 25%, the concentration of NO2 in the range 0–1000 µg/m3 (error of 25%);
the concentration of O3 in the range 0–1000 µg/m3 (15%), the concentration of H2S in the
range 0–200 µg/m3 (15%), the concentration of NH3 in the range 0–1000 µg/m3 (15%), the
concentration of CO2 in the range 0–10,000 ppm (20%), the concentration of CO in the
range 0–400 µg/m3 (20%), the concentration of CH4 in the range 0–5 ppm (20%), and the
aerosol particle size distribution in the range 0–300 cm−3 with an error of 25%.

The burning front was homogeneously formed throughout the site width (Figure 2).
Small vegetation plots 2 × 2 m in size were burned (point 2 in Figure 1) in addi-

tional experiments to study the effect of the fire front on the ignition of model fences
made of combustible building materials. All the main parameters were controlled during
the experiments.
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(4) recording instruments; (5) JADE J530SB IR camera; (6) bays with thermocouples; (7) video cam-
era; (8) AMK-03 weather station at a 3 m mast; (9) AMK-03 weather station at a 10 m mast; (10) IAO 
SB RAS monitoring post for greenhouse and oxidizing gases; (11) prevailing wind direction during 
the experiments; (12) experimental site 10 × 50 m in size (2011) [46]. 
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air humidity varied from 42 to 44%, and the air pressure P varied from 751 to 759 mm Hg. 
The wind speed changed, varying from 1 to 6 m/s; the soil temperature at a depth of 0.1 
m was 275 K, and the moisture content was 43%. The moisture content of GF w was 5.6%. 
The stock of GF at the experimental site varied within the range 0.476–0.563 kg/m2. 

The temperature distribution across the fire front derived from thermocouple measure-
ments is shown in Figure 3a. Figure 3b shows an instantaneous thermogram of the fire front 

Figure 1. Satellite image of the experimental site and arrangement of measurement equipment: (1)
experimental site 15 × 40 m in size (2019); (2) experimental site of 2 × 2 m (2019); (3) burning zone;
(4) recording instruments; (5) JADE J530SB IR camera; (6) bays with thermocouples; (7) video camera;
(8) AMK-03 weather station at a 3 m mast; (9) AMK-03 weather station at a 10 m mast; (10) IAO SB
RAS monitoring post for greenhouse and oxidizing gases; (11) prevailing wind direction during the
experiments; (12) experimental site 10 × 50 m in size (2011) [46].
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Figure 2. Burning front at the experimental site (picture was taken during the experiment).

3. Experimental Results and Their Analysis

During the experiment, the air temperature T varied from 275 to 278 K, the relative air
humidity varied from 42 to 44%, and the air pressure P varied from 751 to 759 mm Hg. The
wind speed changed, varying from 1 to 6 m/s; the soil temperature at a depth of 0.1 m was
275 K, and the moisture content was 43%. The moisture content of GF w was 5.6%. The
stock of GF at the experimental site varied within the range 0.476–0.563 kg/m2.

The temperature distribution across the fire front derived from thermocouple mea-
surements is shown in Figure 3a. Figure 3b shows an instantaneous thermogram of the fire
front and a 10-s average thermogram (Figure 3c). Analysis of the temperature distribution
over the fire front points to a significantly unstable combustion process accompanied
by developed turbulence in the flame. The temperature maximum over the time of the
experiment, detected with use of the IR camera, reached 1200 K in the fire front, and the
average flame height was 0.7 m. These data are consistent with the results of experimental
studies in 2009–2011 [46–49]. It should be noted that the thermocouple measurements
shown in Figure 3a underestimate the maxima due to the vegetation cover heterogeneity
(density and moisture content) on the experimental site and the wind effect. Nevertheless,
the thermocouple data were used to correct the flame emissivity in the IR measurements.



Atmosphere 2021, 12, 75 5 of 15

Atmosphere 2021, 12, x FOR PEER REVIEW 5 of 16 
 

 

 
Figure 2. Burning front at the experimental site (picture was taken during the experiment). 

Small vegetation plots 2 × 2 m in size were burned (point 2 in Figure 1) in additional 
experiments to study the effect of the fire front on the ignition of model fences made of 
combustible building materials. All the main parameters were controlled during the ex-
periments. 

3. Experimental Results and Their Analysis 
During the experiment, the air temperature T varied from 275 to 278 K, the relative 

air humidity varied from 42 to 44%, and the air pressure P varied from 751 to 759 mm Hg. 
The wind speed changed, varying from 1 to 6 m/s; the soil temperature at a depth of 0.1 
m was 275 K, and the moisture content was 43%. The moisture content of GF w was 5.6%. 
The stock of GF at the experimental site varied within the range 0.476–0.563 kg/m2. 

The temperature distribution across the fire front derived from thermocouple measure-
ments is shown in Figure 3a. Figure 3b shows an instantaneous thermogram of the fire front 
and a 10-s average thermogram (Figure 3c). Analysis of the temperature distribution over the 
fire front points to a significantly unstable combustion process accompanied by developed 
turbulence in the flame. The temperature maximum over the time of the experiment, detected 
with use of the IR camera, reached 1200 K in the fire front, and the average flame height was 
0.7 m. These data are consistent with the results of experimental studies in 2009–2011 [46–49]. 
It should be noted that the thermocouple measurements shown in Figure 3a underestimate 
the maxima due to the vegetation cover heterogeneity (density and moisture content) on the 
experimental site and the wind effect. Nevertheless, the thermocouple data were used to cor-
rect the flame emissivity in the IR measurements. 

0 500 1000 1500 2000 2500 3000 3500
0

100

200

300

400

500

600
 h = 1350 mm
 h = 1050 mm
 h = 750 mm
 h = 450 mm
 h = 150 mm

T,
 o C

t, s

End of the experiment

Start of the experiment

0 500 1000 1500 2000 2500 3000 3500
0

100

200

300

400

500

600
 h = 1350 mm
 h = 1050 mm
 h = 750 mm
 h = 450 mm
 h = 150 mm

T,
 o C

t, s

End of the experiment

Start of the experiment

 
(a) 

Atmosphere 2021, 12, x FOR PEER REVIEW 6 of 16 
 

 

  
(b) (c) 

Figure 3. Temperature distribution over the fire front: (a) thermocouple measurements of the ver-
tical temperature profile between the bays (see mark 6 on Figure 1); (b) instantaneous thermogram 
of the fire front; (c) fire front thermogram averaged over 10 s. 

Figure 4 shows the temperature variations in the fire front derived with the use of 
the technique suggested in [50] for a time interval of 6 s. One can see characteristic fre-
quencies in the temperature variations, which correspond to quite large turbulence scales 
(b = 20–64 mm) calculated by the equation [50]. 

 𝑏 = 𝑓ିଵ ඥ⟨𝑇ᇱ𝑇ᇱ⟩𝑇ଶ ඥ𝑔𝐿 (1) 

where  𝑓 is the characteristic frequency of fire temperature fluctuations, 1/s; 𝑇ᇱ is the 
pulsation of the temperature, К; Т is the flame temperature, К; g is the gravity acceleration, 
m/s2; and 𝐿 is the flame height, m. We should note the prevalence of the effect of large-
scale turbulence in seminatural measurements, while pulsations with frequencies of 6–8 
Hz are sufficiently small in amplitude and do not significantly affect the flame tempera-
ture pulsations and the combustion process, in contrast to laboratory studies [50]. Special 
attention is paid to the dominant role of large-scale turbulence in the flame on the com-
bustion process as a whole in [51]. 

0 1 2 3 4 5 6 7 8
0
5

10
15
20
25
30
35
40
45
50
55
60

A
, K

f, Hz  
Figure 4. Temperature variation in the front of a steppe fire. 

High heat release during a fire and developed large-scale turbulence in the flame due 
to the dissipation of turbulent structures and the emission of hot aerosol and gas compo-
nents obviously affect the ambient air in the immediate vicinity of the fire front. This is 
confirmed by a change in meteorological parameters at weather stations 8 and 9 in Figure 
1. Figure 5 shows variations in the air temperature during the experiment at altitudes of 3 
and 10 m. It should be noted that the weather station at an altitude of 10 m was fixed in 
the direction of wind and fire front propagation, while the weather station at an altitude 

Figure 3. Temperature distribution over the fire front: (a) thermocouple measurements of the vertical temperature profile
between the bays (see mark 6 on Figure 1); (b) instantaneous thermogram of the fire front; (c) fire front thermogram averaged
over 10 s.

Figure 4 shows the temperature variations in the fire front derived with the use
of the technique suggested in [50] for a time interval of 6 s. One can see characteristic
frequencies in the temperature variations, which correspond to quite large turbulence
scales (b = 20–64 mm) calculated by the equation [50].

b = f−1
√
〈T′T′〉
T2

√
gL (1)

where f is the characteristic frequency of fire temperature fluctuations, 1/s; T′ is the
pulsation of the temperature, K; T is the flame temperature, K; g is the gravity accelera-
tion, m/s2; and L is the flame height, m. We should note the prevalence of the effect of
large-scale turbulence in seminatural measurements, while pulsations with frequencies
of 6–8 Hz are sufficiently small in amplitude and do not significantly affect the flame
temperature pulsations and the combustion process, in contrast to laboratory studies [50].
Special attention is paid to the dominant role of large-scale turbulence in the flame on the
combustion process as a whole in [51].
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Figure 4. Temperature variation in the front of a steppe fire.

High heat release during a fire and developed large-scale turbulence in the flame
due to the dissipation of turbulent structures and the emission of hot aerosol and gas
components obviously affect the ambient air in the immediate vicinity of the fire front.
This is confirmed by a change in meteorological parameters at weather stations 8 and 9
in Figure 1. Figure 5 shows variations in the air temperature during the experiment at
altitudes of 3 and 10 m. It should be noted that the weather station at an altitude of 10 m
was fixed in the direction of wind and fire front propagation, while the weather station at
an altitude of 3 m was fixed from one side of the fire front propagation and combustion
product transfer direction. The results also correlate with the data [52] and the results of
experiments carried out in 2011 at the IAO SB RAS post for greenhouse and oxidizing
gas monitoring [43]. The mast was fixed at 35 m at a considerable distance from the
experimental site from one side of the fire front propagation and prevailing wind direction.

A decrease in the relative air humidity and a stepwise change in the absolute air
humidity (Figure 6) during the experiment should be noted. The latter was calculated by
the equation [53,54].

a = 217
e

Ta
, e =

r ·E
100 %

(2)

where a is the absolute humidity, g/m3; e is the partial pressure of water vapor, mbar; Ta
is the absolute temperature, K; r is the relative humidity, %; and E is the saturated vapor
pressure, mbar. It should be noted that the stepwise change in the absolute air humidity
is connected with active moisture evaporation in the heating zone in front of the burning
front and water formation in chemical reactions.

Fluctuations in the vertical component of wind velocity were also observed during the
experiment due to the convection of combustion products (Figure 7). Their amplitude at
an altitude of 3 m was obviously larger, though the weather station was fixed on one side
of the fire front propagation direction. The maximum corresponds to the fire front passage
in the immediate vicinity of point 8 (Figure 1). When analyzing the wind velocity, it is
necessary to take into account the strong horizontal wind during the experiment, which
caused a drift in and cooling of the combustion products. It is probable that the effect of
convection on the increase in the vertical component of the wind velocity is more significant
under a weak wind or quiet conditions. A change in wind speed during a wildfire was also
noted by other authors [52]. A hypothesis about the formation of “own wind” during mass
forest fires was suggested in [22]. The vertical component of wind velocity during fires
was not studied; however, it has an extraordinary effect on the formation of “own wind”
because it is caused by convective processes and results in a local decrease in pressure in
the vicinity of a burning zone, which, in turn, intensifies the suction of a fresh portion of
oxidizer into the burning zone and increases the wind velocity’s horizontal component
in the vicinity of the fire. When analyzing Figure 7, it is necessary to pay attention to the
presence of negative values, which also exceed the values characteristic of the undisturbed
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atmosphere in the time span corresponding to a significant increase in the vertical wind
component. This phenomenon is a consequence of induced turbulence due to active heat
release and the dissipation of turbulent structures in the burning zone.
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The AMK-03 ultrasonic weather station calculated 𝐶௡ଶ from fluctuations in the speed 
of sound between ultrasonic sensors. Therefore, these fluctuations reflected turbulent pro-
cesses, which ran in the air between the sensors of the weather station. Therefore, temper-
ature fluctuations 𝐶ଶ் were also directly related to turbulent processes, which have been 
shown in [55] in the comparison between the flame thermal structure and instantaneous 
tracer PIV images. 

During the experiment on steppe fire propagation at BEC in 2011, variations in the 
gas and aerosol composition of the atmosphere were also recorded. Those results were 
not published in [46]. Figure 9 shows variations in the concentrations of atmospheric 

Figure 7. Variations in the vertical component of wind velocity at an altitude of (a) 3 m (point 8 in Figure 1) and (b) 10 m
(point 9 in Figure 1).

Particular attention should be paid to a significant change in the fluctuations of the air
refractive index C2

n (Figure 8), which was recorded by both measuring instruments (points
8 and 9 in Figure 1).

The AMK-03 ultrasonic weather station calculated C2
n from fluctuations in the speed

of sound between ultrasonic sensors. Therefore, these fluctuations reflected turbulent
processes, which ran in the air between the sensors of the weather station. Therefore, tem-
perature fluctuations C2

T were also directly related to turbulent processes, which have been
shown in [55] in the comparison between the flame thermal structure and instantaneous
tracer PIV images.

During the experiment on steppe fire propagation at BEC in 2011, variations in the
gas and aerosol composition of the atmosphere were also recorded. Those results were
not published in [46]. Figure 9 shows variations in the concentrations of atmospheric
gases, and Figure 10 shows variations in the aerosol composition depending on the particle
diameter d. It should be noted that the variations in the gaseous and aerosol composition
of the atmosphere were recorded a certain time after the start of combustion because of the
relative remoteness of the monitoring post [43] and wind direction during the experiment.
An increase in the methane concentration should be especially noted. The reasons for this
phenomenon are unclear. However, it probably should be taken into account during mass
wildfires, and its nature should be studied.

On the one hand, analysis of Figures 9 and 10 reveals a quite obvious conclusion about
the release of a significant amount of aerosol particles of different sizes and oxidizing gases
into the atmosphere during wildfires. Their concentrations increased 10-fold compared to
the background values. On the other hand, a decrease in the ozone concentration and an
increase in the methane concentration were recorded during the experiments. These facts
require further study, both experimentally and in mathematical simulations. However, it is
obvious that this information can form the basis for techniques for the remote detection
of wildfires.
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Figure 9. Variations in the concentrations of atmospheric gases during the model steppe fire in 2011: (a) NO2; (b) NO; (c) SO2; (d) O3;
(e) CO; (f) CO2; (g) CH4.
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4. Conclusions

1. Even small-scale wildfires result in the rise of air temperature by 2–3◦ and a stepwise
change in relative air humidity due to active moisture evaporation in front of the burning
front and as a result of chemical reactions.

2. Quite large-scale turbulent structures are observed during a seminatural wildfire
at the fire front, which do not occur under laboratory conditions and are due to the scale
and wind action. The predominance of large-scale turbulence in the flame results in air
turbulization in the vicinity of the burning center.

3. High heat release in the burning zone and a developed turbulent structure of the
flame cause an increase in the vertical component of the wind velocity and magnification
of fluctuations of the air refractive index, which is an indicator of air turbulization not only
in the propagation direction of the fire front but also in the close vicinity; this also creates
prerequisites for the formation of “own wind” in large-scale fires, which has been first
suggested in the work [22].

4. A small-scale wildfire results in an increase in the concentrations of greenhouse
and oxidizing gases (NO2, NO, SO2, CO, CO2, and CH4) in its vicinity. The causes of
the increase in methane concentration are unclear and require further experimental and
theoretical studies.

5. Changes in the aerosol and gas compositions of the atmosphere during a wildfire
are recorded with a delay caused by atmospheric transfer processes and can be used in
systems for the remote detection of wildfires.

We can finally conclude that large-scale turbulence in a flame and its dissipation
result in the formation of atmospheric turbulence and an increase in the vertical compo-
nent of wind velocity. This, in turn, creates the conditions for formation of the “proper
wind”, which extraordinarily affects fire spread and intensity. These phenomena obviously
affect local weather parameters during large-scale fires, undoubtedly aggravating the
consequences of a fire and making it difficult to combat.

We believe the results of this work to be valuable for the mathematical simulation of
steppe fires and the development of a large-scale mathematical model capable of taking into
account not only thermophysical and chemical processes accompanying combustion but
also the effect of a fire on atmospheric processes that determine both weather parameters
and transport of aerosols and gases generated during fires.
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