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Abstract: The spatiotemporal distributions of wildfire areas and FRP values for the territory of
Russia and its large regions (the European part of Russia, as well as the Ural, Siberian, and Far
Eastern Federal Districts) during 2001–2022 were analyzed using satellite data. For the territory
of Russia, there was a decreasing trend in annual burned areas and a small increase in average
hotspot FRP. At the same time, the largest annual burned areas in the territory of Russia were
recorded in 2008 (295.2 thous. km2), 2002 (272.4 thous. km2), 2006 (261.2 thous. km2), and in 2012
(258.4 thous. km2). It was found that during the studied period, 90% of fire hotspots in Russia had a
maximum FRP < 100 MW. The most intense wildfires (FRP > 1500 MW) amounted to only 0.1% and
were detected mainly in the Siberian and Far Eastern Federal Districts. Interconnections between large
wildfires and meteorological factors, including blocking activity in the atmosphere, were revealed.

Keywords: satellite data; FRP; anomalous wildfires; surface air temperature; relative humidity

1. Introduction

Currently, wildfires and their effects are widely studied in many countries of the
world, including Russia [1–6]. The seasons for wildfires in various regions of our planet
have become longer, and their frequency, coverage, and severity have increased [7]. These
trends are mostly caused by the influence of various meteorological factors. An increase in
temperature and a decrease in precipitation contribute to arid conditions, which signifi-
cantly increase the likelihood of intense wildfires and their rapid propagation [1,3,8–15]. At
the same time, these meteorological anomalies are directly related to blocking anticyclones
in the troposphere. Blocking anticyclones that obstruct the passage of other air masses con-
tributes to the rise in temperature while reducing the overall amount of precipitation [16].

It should be pointed out that global warming can significantly increase the duration of
the atmospheric blockings that contribute to wildfire conditions [13,17].

In a changing climate, monitoring long-term fire activity is important for assessing the
spatial distribution of burned areas and wildfire intensity over the past few decades, as
well as for revealing the links between their occurrence and meteorological factors [18].

In recent years, many studies of the spatiotemporal characteristics of wildfires and
their global and regional effects have been conducted using satellite monitoring data for the
territories of various countries, e.g., Russia [1–5,10–13,19–21], China [22,23], USA [24,25],
Canada [26], Iran [27], Australia [19,28,29], Brazil [30], the countries of South and South-East
Asia [31,32], Africa [33,34], and Europe [35].

The use of satellite data for wildfire monitoring enables the daily and repeated study of
greater areas, which improves the efficiency of the detection of these phenomena. Satellite
data in various regions of the infrared range of the electromagnetic spectrum (3–4 µm
MidIR and 10–12 µm far IR) allow us not only to reveal fire hotspots [1,2,12,13,36] but also
to assess their fire radiative power (FRP) [37]. The FRP values are related to the intensity
of burning [38,39].

In this paper, burned areas were assessed according to Terra and Aqua (MODIS)
satellite data for the territory of Russia and its regions for the period 2001–2022. The FRP
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values recorded during the studied period were also analyzed, as well as FRP dependence
on physical, geographical, and meteorological conditions specific to the territory of Russia.
Moreover, the relationships between intense wildfires in various regions and meteorological
conditions were revealed according to Aqua (AIRS) data.

2. Materials and Methods

To analyze the dynamics of wildfire areas in Russia during 2001–2022, we pro-
cessed satellite monitoring data according to the approach described in [1,10–12,19,20,36].
MOD14/MYD14 products (1 km resolution) containing information on thermal anomalies
obtained by the MODIS instrument (Terra and Aqua satellites) were taken as a base. To
detect thermal anomalies caused by wildfires (fire pixels), threshold levels were set in the
algorithm of this product in the spectral ranges of 4 µm and 11 µm. False fires were filtered
through the comparative analysis of the brightness temperatures of a fire pixel and sur-
rounding pixels, as well as through the analysis of changes in brightness temperatures of a
fire pixel in the mid- and far-infrared ranges [40]. Fire pixels with fire-detection confidence
of no less than 80% were used in this work.

An assessment of the burned areas during the fire season (from April to October) from
2001 to 2022 was carried out for the territory of Russia and its large regions based on the
spatial analysis of daily data generated using the MOD14/MYD14 product. In this case,
the total area burned in a year was considered, without taking into account the repeated
burning of the same site during the fire season. In addition, a number of detected fire pixels
and their maximum FRP in the studied period were analyzed according to this information
product. The values of FRP were registered while the satellite was passing over the active
fires, and these values are directly related to fire intensity [38,39].

The types of land cover and their characteristics were identified using the annual
product MCD12Q1 (MODIS Land Cover Type 500 m), obtained by the MODIS instrument
(Terra and Aqua satellites), based on the classification of the International Geosphere-
Biosphere Programme (IGBP) [41], which contains 17 classes of land cover and has a
thematic accuracy of 70–75% on average. According to this classification, for the territory
of the Russian Federation, five classes were assigned to forest cover, two to shrublands,
and three to meadow steppe [42].

In this research, the following information parameters of the 3rd-level AIRS3STD
thematic product from AIRS data with a spatial resolution of 1◦ × 1◦ were analyzed to
assess meteorological conditions during the studied period [43]:

• Surface air temperature;
• Relative humidity;
• Geopotential height at 500 hPa.

The impact of blocking anticyclones during severe wildfires in Russia was analyzed us-
ing the daily values of geopotential heights (analogs of the upper levels of surface cyclones
and anticyclones) [13,16]. The used AIRS3STD product [44] contains daily geopotential
heights measured at the 500-hPa pressure level in which the meteorological situation is
formed. Maps of geopotential height changes were created for each month in which large
fires occurred in the studied area. Every day of the selected period was analyzed.

Based on the results of this analysis, the time periods when blocking anticyclones
largely prevailed were identified.

To assess surface air temperature, the AIRS3STD thematic product was used; it contains
day- and nighttime temperature values [44]. Calculation of daily average temperatures in
the selected periods was carried out using this thematic product.

Detection of areas of extremely low relative humidity was performed using AIRS3STD
data that include day- and nighttime values [44]. This product was used to estimate daily
average relative humidity values for selected periods.

The use of satellite data obtained from the same instrument allowed us to avoid errors
associated with the use of various satellite instruments.
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3. Results and Discussion

Figure 1 shows the results of satellite monitoring of wildfire hotspots registered in the
territory of the Russian Federation from April to October 2001–2022.
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2001–2022: annual burned areas with a linear trend (a); average annual FRP with a linear trend (b).

The results of the annual values of burned areas in the territory of Russia during
the studied period are presented in Figure 1a. Analyzing it allows us to reveal the years
when maximum burned areas were observed, as well as general trends of changes in these
areas. The analysis of Figure 1a indicates that the total area of wildfires in Russia in 2003
was 365.5 thous. km2, which is significantly higher than in other years during the studied
period. Large burned areas (over 250 thous. km2) were also recorded in 2008 (295.2 thous.
km2), 2002 (272.4 thous. km2), 2006 (261.2 thous. km2), and in 2012 (258.4 thous. km2). In
2022, the total area burned by wildfires was minimal for the whole studied period and
amounted to 101.3 thous. km2.

The analysis of Figure 1a indicates that there was a trend of decrease in areas burned
by wildfires in the territory of Russia over the period from 2001 to 2022.

Figure 1b shows the average annual FRP values of fire pixels detected in Russia in the
period from April to October during 2001–2022. The analysis of Figure 1b indicates that
there is a quite uniform distribution of average FRP values with a characteristic, growing
trend over the 22-year period. At the same time, slight excesses beyond the average FRP
level were detected in 2018 (65.1 MW) and in 2021 (77.6 MW).

A comprehensive analysis of Figure 1 shows that the burned areas in Russia were
decreasing from 2001 to 2022, while the average annual values of FRP increased. The
decrease in annual burned areas is related to improved fire-fighting measures (https:
//aviales.ru/popup.aspx?news=7642 (accessed on 1 October 2022)), and the increase in
the annual average values of FRP is probably associated with global changes in the meteo-
rological situation, characterized by the predominance of more arid conditions, which is
confirmed in [13].

Despite the quite uniform distribution of average annual FRP values, statistical analy-
sis of the daily FRP values of all fire pixels detected from 2001 to 2022 revealed high rates
of coefficient of excess (239) and asymmetry (10), indicating that the distribution of daily
FRP values over the studied period was characterized by significant spikes.

https://aviales.ru/popup.aspx?news=7642
https://aviales.ru/popup.aspx?news=7642
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For a more detailed analysis of daily FRP values, five categories of wildfire hotspots
of various intensities were identified according to the classification suggested in [45]. The
number of wildfires and statistical characteristics of FRP values for these wildfire classes
are given in Table 1.

Table 1. Classification and statistics of wildfire hotspots detected in Russia during the 2001–2022 fire
seasons based on FRP values.

MW Number of Hotspots Average Value, MW Standard Deviation

FRP < 100 6,391,961 26.7 21.2
100 ≤ FRP < 500 622,583 187.4 89.1

500 ≤ FRP < 1000 42,382 675.8 135.1
1000 ≤ FRP < 1500 9050 1198.4 139.3

FRP ≥ 1500 7158 2226.6 921

Analysis of Table 1 shows that low-intensity fire pixels with FRP < 100 MW prevailed
in Russia during the studied period. Their number was 6,391,961, i.e., about 90% of the
total number of registered wildfire hotspots, while the average FRP in this category was
26.7 MW.

The number of high-intensity fire pixels with FRP ≥ 1500 MW was the lowest (7158);
the average hotspot FRP in this wildfire category was 2226.6 MW. It should also be pointed
out that the most intense fires were characteristic of forest cover (average hotspot FRP value
of 2287 MW), which is also consistent with studies [25,31], followed by fires in areas covered
with shrub vegetation (average hotspot FRP value of 2229 MW), and then meadow-steppe
fires (average hotspot FRP value of 2192 MW).

Figure 2 presents the distribution of wildfire hotspots of various intensities detected
by the MODIS instrument during fire seasons (April–October) for the period from 2001 to
2022 in the territories of the Siberian and Far Eastern Federal Districts, which are the most
exposed to fire threats [3,12,20,36].
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Figure 2. Spatial distribution of wildfire hotspots of various intensities for the territories of the
Siberian and Far Eastern Federal Districts detected by the MODIS instrument during fire seasons
(April–October) in 2001–2022.

Figure 3 shows monthly wildfire area distributions, based on the results of satellite
monitoring of wildfires, for the European part of Russia and three large federal districts:
the Ural, Siberian, and Far Eastern, during fire seasons (April–October) for 22 years.
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Figure 3. Monthly distribution of wildfire areas with highlighted maximum values during fire
seasons (April–October) in 2001–2022 in the European part of Russia (a), as well as in three large
Federal Districts: Ural (b), Siberian (c), and Far Eastern (d) during fire seasons (April–October) in
2001–2022.

The analysis of Figures 2 and 3 shows that high-intensity fire pixels (FRP ≥ 1500 MW)
are distributed the most densely in the Siberian and Far Eastern Federal Districts, where
forests and shrubs predominate [11,42].

The analysis of the satellite monitoring results presented in Figure 3 shows that in
various regions of Russia, the largest areas of wildfires within a month were recorded: in the
European part of Russia in April 2009 (54.27 thous. km2), in the Ural Federal District in April
2009 (21.71 thous. km2), in the Siberian Federal District in May 2003 (100.28 thous. km2),
and in the Far Eastern Federal District in July and August 2021 (54.12 thous. km2 and
46.46 thous. km2, respectively).

It should be pointed out that in [46], significant annual burned areas in Siberia were
also identified in 2003, 2012, and 2019. However, there are differences in the trend of annual
burned areas that are explained by the mismatch of the boundaries of the studied region.
We consider this region within the borders of the Siberian Federal District.

A more detailed analysis of the links between the intensity of wildfires and meteorolog-
ical conditions was carried out for the months with the greatest areas burned by wildfires
that occurred in various regions of Russia. These months are highlighted in Figure 3.

For the territory of Russia, a link between large wildfires and atmospheric blocking was
found in a number of works [13,16,47,48]. Under conditions of general warming, the role
of atmospheric blocking, which contributes to wildfire occurrence, largely increases [49].

Blocking anticyclones are those with areas of surface heights of 500 hPa that obstruct
the passage of air masses from west to east in the middle latitudes [50–52]. Dipole blocks
consisting of an anticyclone and a cyclone, as well as Omega blocks characterized by a large
anticyclone surrounded by cyclones, are also considered to be blocking anticyclones [53].
Amplified ridges without any closed contours (e.g., 500 hPa geopotential height) are also
able to block the zonal flow and to lead to a dominating meridional flow component,
especially in the summer [54–56].

Meteorological situations were studied using AIRS (Aqua) data. Geopotential height
changes at a level of 500 hPa were mapped, and the graphs of surface air temperature and
relative humidity were built using these data.
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Figure 4a–d show these characteristics obtained for fires in April 2009 in the European
part of Russia.
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Using the values for geopotential heights (Figure 4a), the time periods (1–11 April and
19–25 April 2009) were revealed as dates when the presence of a blocking anticyclone was
detected in the southern part of the studied area.

A high-pressure field settled in the European part of Russia during the period of 1–11
April 2009 (Figure 4a) and caused dry and hot weather in this region. In the period from
9 April to 13 April 2009, there was an increase in temperature by ~6 K, and a decrease in
relative humidity by ~7% (Figure 4d), and that contributed to an increase in the number of
wildfires on 12 April 2009 (Figure 4b).

The blocking anticyclone (Figure 4a) in the south of the European part of Russia
during 19–25 April 2009 caused a sharp increase in temperature by ~8 K and a humidity
decrease by ~7% after 25 April 2009 that contributed to the increased number of wildfires
(Figure 4b) and increased FRP. The maximum FRP values for some fire hotspots reached
almost 1600 MW on 29 April 2009 (Figure 4c).

The maximum burned area in the Ural Federal District for the period from 2001 to 2022
was in April 2008 (21.71 thous. km2) (Figure 3). Figure 5 provides a detailed analysis of wild-
fire hotspots detected in this region in April 2008 and background meteorological conditions.
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According to the results of a detailed analysis carried out using MODIS (Terra/Aqua
satellites) data, the days (10–13, 19, and 21 April 2008) were identified when the number of
detected fire pixels exceeded 2000 per day, and their FRP exceeded 1800 MW.

The analysis of meteorological features for the period from 1 to 9 April 2008 allowed
us to register an anticyclone in the Ural Federal District (Figure 5a). It contributed to an
increased number of wildfires in the period from 10 to 13 April 2008, with the highest on
12 April 2008 (Figure 5b). At the same time, very high humidity on 4–5 April, 7–9 April
2008, and on 14–16 April 2008 (Figure 5d), as well as the decrease in temperature from 13
to 17 April 2008, led to a slowdown in the growth of the number of wildfires in the Ural
Federal District. However, a sharp increase in temperature (by ~11 K) that started on 17
April 2008 (Figure 5d), as well as the presence of a blocking anticyclone in the south of
the studied region from 14 to 16 April 2008 (Figure 5a), contributed to an increase in the
intensity (Figure 5c) and the number of wildfire hotspots that occurred on 19 and 21 April
2008 (Figure 5b).

A decrease in the surface layer temperature and increased humidity during the period
from 22 April to 30 April 2008 (Figure 5d) led to a sharp decrease in the number of detected
fire hotspots (Figure 5b) and FRP values in this region (Figure 5c).

It should be pointed out that the daily values of the surface layer temperature and
relative humidity were negatively correlated (Appendix A, Figure A1); the correlation
coefficient between these indicators is quite high and amounted to −0.88. At the same time,
the value of p < 0.05 indicates the statistical significance of the correlation coefficient.
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The Siberian Federal District is exposed the most frequently to intense wildfires
[3,12,21,36], which arise from the interaction of meteorological factors, vegetation, and
biogeochemical cycles [46]. The number of fires associated with temperature anomalies
has increased over the past decades, and an almost exponential relationship between these
factors and annual burned areas was revealed [46,57–59].

According to the results of satellite monitoring conducted in the period from 2001 to
2022, the highest recorded value of wildfire areas (100.28 thous. km2) in this region was
detected in May 2003 (Figure 3).

Figure 6 presents maps of changes in geopotential heights at a level of 500 hPa
(Figure 6a), the number of fire hotspots (Figure 6b), and FRP values (Figure 6c) on various
days, as well as graphs of changes in the surface air temperature and relative humidity
(Figure 6d) for wildfires in May 2003 in the Siberian Federal District. Dashed line arrows in
Figure 6b mark the time periods when blocking anticyclones were observed.
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Due to high-pressure areas identified over the southern part of the Siberian Federal
District (Figure 6a), as well as a quite high surface air temperature (8–13 K) and low
humidity (Figure 6d), a large number of wildfire hotspots, reaching 2000 or more almost
every day, was detected using satellite data; on 19 May 2003, the number exceeded 12,000
(Figure 6b).

Between 13 and 20 May 2003, this region experienced an extreme decrease (up to 48%)
in relative humidity, with the exception of a surge in its value that occurred on 17 May
2003 (Figure 6d), which also contributed to a significant increase in FRP (Figure 6c) and an
increase in the number of wildfire hotspots during these days (Figure 6b).

At the same time, it should be pointed out that the correlation coefficient between the
daily values of the surface layer temperature and relative humidity is −0.8, which indicates
a strong negative correlation (Figure A1). The value of p < 0.05 allows us to reject the null
hypothesis; therefore, the correlation coefficient is statistically significant.

During the periods of increased relative humidity observed from 15 to 17 May and
from 20 to 22 May 2003 (Figure 6d), the number of wildfire hotspots and their FRP decreased
(Figure 6b,c).

During the period from 25 to 29 May 2003, there was a significant increase in relative
humidity (Figure 6d), which slowed down the growth of wildfire numbers in the studied
area. Then on 30 and 31 May 2003, there was an increase in temperature (by ~6 K) and a
decrease in relative humidity (up to 52%) (Figure 6d), which again led to an increase in the
number of wildfire hotspots (Figure 6b) and their FRP (Figure 6c). Despite this, over the
studied period, the correlation coefficient between daily surface temperature and relative
humidity was −0.47, which reveals a weak negative correlation (Figure A1), and a value of
p < 0.05 indicates its statistical significance.

Figure 7 shows the characteristics of meteorological conditions and fire activity in
the Far Eastern Federal District in July and August 2021. Anomalously high temperatures
contributed to the intensification of the fire hazard situation in these months (Figure 3).
The temperatures in June 2021 were ~6.5 K higher than those in 2003–2020, which also
follows from [21].

A blocking anticyclone was observed over the territory of the Far Eastern Federal
District during the period from 19 July to 25 July 2021 (Figure 7a). It was identified using
geopotential heights at the level of 500 hPa. During these days, there were minor changes
in temperature and relative humidity. The blocking anticyclone contributed to the increase
in intensity (Figure 7c) and in the number of wildfire hotspots, reaching more than 6,000 per
day (Figure 7b) from 26 July to 10 August 2021. During this period, sharp fluctuations in
temperature (by ~4 K) and relative humidity (from 58% to 64%) were observed (Figure 7d).
In general, for the specified period, the daily values of the surface layer temperature and
relative humidity were negatively correlated (correlation coefficient is −0.7) with a value
of p < 0.05.

From 12 August 2021 to the end of the month, a high-pressure area (Figure 7a) with
high humidity (up to 68%) and a temperature drop by ~4 K (Figure 7d) settled over the
territory of the Far Eastern Federal District (predominantly over its southern forest part),
it contributed to a significant decrease in the intensity (Figure 7c) and in the number of
wildfire hotspots (Figure 7b).
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4. Conclusions

The results of satellite monitoring of wildfires in Russia and in the territories of its
large regions over 22 years are presented in this paper, they allowed us to reveal some
patterns in the spatiotemporal distribution of areas and FRP.

Based on the analysis, it was found that there was a trend towards a decrease in the
burned areas with a slight increase in the average FRP of hotspots in the territory of Russia
during the period from April to October 2001–2022.
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It was shown that low-intensity fire pixels (FRP < 100 MW) prevailed in Russia during
the studied period. Their number amounted to about 90% of the total number of registered
wildfire hotspots. High-intensity fire pixels with FRP ≥ 1500 MW were typical for the
Siberian and Far Eastern Federal Districts, whose territories are mostly covered with dense
forests and shrubs.

Based on the results of the studies, it was shown that there is a link between intense
wildfires and the presence of large stationary anticyclones over the studied territories,
which obstructed the normal for middle latitudes passage of air masses from west to east
for a long time. They create meteorological conditions resulting in abnormally hot and dry
weather that contribute to the occurrence and rapid propagation of wildfires. This is also
consistent with [16,46,49]. For much of the globe, burned areas increase when periods of
heightened fire weather compound with dry antecedent conditions. Regions associated
with wildfire disasters, such as southern Australia and the western USA, are prone to
experiencing years of compound drought and fire weather [50].

The obtained results confirm the high efficiency of satellite monitoring data use for
the assessment of the spatiotemporal distribution of burned areas and hotspot FRP.

This study can be developed further into a more detailed analysis of regional and
intra-seasonal features of the link between the occurrence of intense wildfires, their effects,
and blocking activity in the atmosphere, as well as identification of the correlation between
FRP and the extent of damage to various types of vegetation cover. Moreover, in the future,
it is advisable to use information obtained from satellites of higher spatial resolution to
get vegetation cover characteristics. Future studies will include the dynamics of fires of
different intensities, as well as longer periods of meteorological situations during and after
wildfires, including comparison with data from past years.
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