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Abstract—An analysis is performed of the annual and intraseasonal dynamics of wildfire areas and volumes
of trace gas components (CO, CO,, CH,4, NO, and NO,) and fine aerosols (PM2.5) caused by wildfires in
Russia and its large regions over 19 years. The analysis is based on results from satellite monitoring, allowing
for the effect anomalies in weather and climate have on the intensity of fires. It is shown that the average size
of areas burned monthly in the European part of Russia fell by halfin April, May, and September, and by a factor
of four in July and August over the period 2011 to 2019, compared to the respective months in 2001—-2010.
A negative trend is observed for spring and autumn from 2010 to 2019 in the Siberian and Ural federal dis-
tricts, along with a summer increase in fire areas. It is found that over 19 years, the dynamics of the burned
areas is weakly defined for most months of the fire season in the Far Eastern Federal District. Extremely high
volumes of emissions of different trace gases (including CO and CO,) and aerosols caused by wildfires were
detected in the Siberian Federal District in 2003 and 2012.
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INTRODUCTION

Wildfires in the Russian Federation are an annual
phenomenon that threatens the human population,
forest resources, and infrastructure (Isaev et al., 1995;
Vorob’ev et al., 2004; Bondur, 2011; Bondur et al.,
2017). They are one of the main sources of emissions
of harmful trace gases and aerosols into the atmo-
sphere, affecting the ecology of the environment and
changes in climate (Bondur, 2016; Bondur and Ginz-
burg, 2016; Bondur et al., 2020; Vinogradova, 2016;
Shvidenko et al., 2011).

The vast areas and inaccessibility of many sites in
the Russian Federation make it difficult to detect and
analyze the consequences of wildfires in a timely man-
ner. The most effective way of monitoring wildfires
and assessing their consequences promptly is to use
space-based techniques and technologies (Bondur,
2011, 2016; Bondur et al., 2017, 2019a, 2019b; Bondur
and Gordo, 2018; Bartalev et al., 2012; Shchetinskii
etal., 2008; Sochilova and Ershov, 2007; Xu and
Zhong, 2017; Lin et al., 2019).

The main sources of operational data for detecting
wildfire sources are low-resolution spatial data from
the Terra, Aqua, NOAA, Suomi NPP, FengYun-3,
Meteor-M 2, and other satellites. They provide data
with high periodicity and allow us to detect sources of
fire promptly in vast areas, including ones that are
hard to reach. The use of data from these satellites pro-

vides the best and most complete operational informa-
tion, which is especially important when monitoring
forest, steppe, and peat fires and estimating the vol-
umes of wildfire-induced emissions of harmful trace
gases (trace gas components and fine aerosols) into
the atmosphere. This is done to ensure the safety of
inhabited areas and prevent negative effects on the
environment, forest resources, and human health
(Bondur, 2011, 2016; Bondur et al., 2017, 2019a, 2019b;
Bondur and Gordo, 2018; Bondur and Ginzburg, 2016,
2015; Pu et al., 2004; Giglio et al., 2016).

More detailed analyses of fire areas and the conse-
quences of wildfires, including estimates of burned
areas and losses of forest resources, use medium-reso-
lution satellite data from such satellites as Landsat,
SPOT, Sentinel-2, Canopus, etc. (Bondur, 2016;
Bondur et al., 2017; Bondur and Gordo, 2018; Sochi-
lova and Ershov, 2007). We can also detect and con-
tinuously monitor large-scale fires in a timely manner
using low spatial resolution data from such geostation-
ary satellites as Himawari, FengYun-2, etc. (Xu and
Zhong, 2017; Lin et al., 2019).

This work presents the results from a spatiotempo-
ral analysis of wildfire areas and emissions of trace gas
components and fine aerosols caused by wildfires
throughout the Russian Federation and in its individ-
ual large regions over the period 2001 to 2019, based
on satellite monitoring data.
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RESEARCH TECHNIQUE

To analyze the dynamics of wildfire areas in Russia
and calculate the volumes of emissions of trace gas
components and aerosols caused by wildfires over the
period 2001 to 2019, we processed satellite monitoring
data using an approach described in detail in previous
works (Bondur, 2011, 2016; Bondur et al., 2017).

The research technique had several steps. At the
first step, the areas burned were calculated on the basis
of spatial analysis of daily MOD14 data with a spatial
resolution of 1 km (Giglio et al., 2016) for the fire
period (April to October). The calculations considered
the area actually burned over one year, ignoring the
recurrence of fires in the same zone during the fire
season.

All detected areas were then identified with respect
to the predominant type of soil—vegetation cover
according to data in the MCDI12Q1 v6 product
(MODIS Land Cover Type 500 m), based on the clas-
sification of the International Geosphere—Biosphere
Program (IGBP) (Friedl et al.,, 2010). A total of
13 types of soil—vegetation cover (including four classes
of forest cover; four classes of shrub, steppe, and
meadow vegetation; two classes of agricultural land,
and three classes of vegetation-free areas) were identi-
fied throughout the Russian Federation. In this work,
we updated values of the coefficients of emission that
correspond to different types of burned vegetation in
the formula for determining the total weight of matter
(Seiler and Crutzen, 1980; Bondur, 2016; Bondur
et al., 2017; Bondur and Gordo, 2018) emitted into the
atmosphere, according to the data from (Wiedinmyer
et al., 2011; Akagi et al., 2011).

At the final stage, the monthly and annual total val-
ues of wildfire areas and the volumes of trace gas emis-
sions (CO,, CO, CH,4, NO, and NO,) and fine aero-
sols (PM2.5) caused by wildfires over the period 2001
to 2019 were calculated for the entire area of the Rus-
sian Federation and its individual regions using satel-
lite monitoring data on the types of soil—vegetation
cover and burned areas. It should be emphasized that
burned biomass emissions caused by wildfires are
formed mainly of such carbon-containing trace gas
components as CO and CO,, which have a long-term
impact on the regional and global climate (Bondur,
2016; Bondur and Ginzburg, 2016).

The data were processed statistically to obtain a clear
picture of the situation and subsequently interpret the
results. The spatial distribution of the areas burned
(allowing for the predominant burning season) was
determined by calculating an area’s frequency of burn-
ing for each month during the period 2001 to 2019.

Our study covered four large Russian regions: the
European part of Russia (EPR), which includes the
Central, Northwestern, Southern, North Caucasian,
and Volga federal districts; the Ural Federal District
(UrFD); the Siberian Federal District (SFD); and the
Far Eastern Federal District (FEFD). The selection of
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the four large regions was based on most executive
measures (for, e.g., firefighting, reducing fire areas,
and reforestation) being taken at the federal level. This
division also reflects natural and climatic features,
particularly the strong effect the Atlantic Ocean has on
the climatic conditions of the EPR, the influence of
the Ural Ridge on the movement of the air mass in the
UrFD, and the effect Asian maximum and the Arctic
and Pacific air masses have on the climatic conditions
of the FEFD and SFD.

The annual and seasonal dynamics throughout the
country and in the selected regions was studied by cal-
culating normalized values for the burned areas.

RESULTS AND DISCUSSION

Figure 1 shows the values of the total areas burned
throughout the Russian Federation during the fire
season (April—October) from 2001 to 2019.

Analysis of the results presented in Fig. 1 allowed
us to determine the years with the greatest areas
burned, along with general trends of their changes.
Figure 1 shows that the total area of wildfires through-
out Russia was 365.5 thousand km? in 2003, consid-
erably exceeding the values for other years of the
given period. Extremely large areas burned were also
characteristic of 2008 (295.2 thousand km?), 2002
(272.4 thousand km?), 2006 (261.2 thousand km?),
and 2012 (258.4 thousand km?).

The number of wildfire areas generally tended to fall
throughout the country from 2001 to 2013 (see Fig. 1).
This was followed by a slight increase from 2013 to
2019. An exception was 2017, when the minimum
number of wildfires was recorded (122.5 km?).

The spatial distribution of wildfire areas through-
out Russia during the fire season (April—October)
from 2001 to 2019 is shown in Fig. 2a. Different colors
indicate the fire areas characteristic of different sea-
sons (spring, summer, and autumn). In Fig. 2a, the
largest areas burned in Russia are seen for the spring
(April and May) and summer (June—August) months.

In spring (April—May), fires generally cover fields,
meadows, and steppes in the forest—steppe and steppe
zones of the EPR, UrFD, and SFD. In the FEFD,
fires occur mainly in the mixed forest zone in the
southeast of the area, which is currently occupied by
farmlands (see Fig. 2a). In summer months, fires most
strongly affect taiga forests in the UrFD, SFD, and
FEFD, while the main areas exposed to fire in the
EPR are located in the southern part of the region,
mainly on agricultural lands (see Fig. 2a). In autumn,
wildfire sources are detected in the intensive farming
zone in all districts along the southern borders of the
Russian Federation. In the forest zone, fragmentary
fires are observed mainly in the taiga zone of the SFD
and FEFD (see Fig. 2a) (Bondur et al., 2019b).
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Fig. 1. Total sizes of areas burned in the Russian Federation from 2001 to 2019.

Figure 2b shows the graphs of the monthly distri-
bution of wildfire areas throughout the Russian Feder-
ation. According to the figure, these values were great-
est in May 2003 (133.79 thousand km?) and 2006
(103.19 thousand km?), April 2008 (118.46 thousand km?),
and 2009 (90.68 thousand km?) over the studied
19-year period. The largest areas burned in July and
August were recorded in 2012 (76.19 thousand km?)
and 2002 (68.99 thousand km?), respectively.

The annual dynamics of wildfire areas according to
satellite monitoring data for the considered large
regions of the Russian Federation (EPR, UrFD, SFD,
and FEFD) from 2001 to 2019 is shown in Fig. 2c. We
can see from the figure that the total area burned by
wildfires tended to shrink during this period, and has
not exceeded 200 thousand km? per year since 2012.
According to the figure, the trend towards a reduction
of fire areas was observed for the EPR and UrFD,
while the dynamics of fluctuations in areas burned in
the SFD and FEFD have been cyclical over the last
19 years, rising at one time and falling at another.

To determine the contribution from individual
large regions to the statistics of burned areas through-
out the country, we analyzed intraseasonal fluctua-
tions in the values of these areas for all months of the
fire season in each region. Figure 3 shows graphs of the
distribution of areas burned for each month of this
period from 2001 to 2019 for the SFD (Fig. 3a), FEFD
(Fig. 3b), EPR (Fig. 3c¢), and UrFD (Fig. 3d). Since
the fire areas have tended to shrink throughout Russia
since 2010 (see Fig. 1), most likely due to the introduc-
tion of effective fire prevention measures, the analysis
presented below describes the pattern of variation in
the dynamics of fire areas in different regions in peri-
ods before and after 2010.
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The effectiveness of such measures is most clearly
demonstrated by the example of the EPR (Fig. 3c).
The average monthly burned area from 2011 to 2019
was halved for April, May, and September, and
reduced by a factor of four for July and August, com-
pared to 2001—2010. It changed slightly for July and
October during this period, but we can see a trend
toward a gradual reduction in the size of burned areas
for October in these years: from 7.38 thousand km? in
2014 to 1.9 thousand km? in 2019 (Fig. 3c). After 2010,
the largest fire areas in the EPR were recorded in
April: from 7.25 thousand km? in 2011 to 21.59 thou-
sand km? in 2019, with unstable interannual fluctua-
tions being observed (Fig. 3¢).

In the UrFD, the size of burned areas also fell more
than by a factor of 2.5 in April—May and September—
October (i.e., during the season of mainly agricultural
burns) from 2011 to 2019, compared to the previous
decade. The areas of forest fires grew for June—August
between 2010 and 2019. The total area of fires in July
was thus 23.63 thousand km? over 10 years (2001—
2010), and it rose 1.5 times from 2011 to 2019 to exceed
37 thousand km? (see Fig. 3d).

A similar situation with negative dynamics of the
growth in burned areas during the spring—autumn sea-
son and positive dynamics during summer has been
observed in the SFD over the last decade (see Fig. 3a).
The greatest reduction in fire areas for this region is
characteristic of May (by more than half from 2011 to
2019, compared to the period of 2001—-2010). In con-
trast, a trend towards an increase in burned areas in the
summer months from 2012 to 2019 has been recorded
in the SFD in the last decade compared to the previ-
ous period from 2001 to 2010 (see Fig. 3a). The total
value of fire areas in June was this no more than
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Fig. 2. Spatiotemporal dynamics of wildfire areas from April to October 2001—2019: (a) spatial distribution of areas burned in dif-
ferent seasons for all areas of the Russian Federation; (b) graphs of the distributions of wildfire areas according to month for all
Russian areas; and (c) wildfire areas in different regions of Russia (EPR, UrFD, SFD, and FEFD).
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Fig. 3. Distribution of wildfires according to month in different regions of the Russian Federation in the period 2001 to 2019:

(a) SFD, (b) FEFD, (c) EPR, and (d) UrFD.

5000 km?/year from 2001 to 2010, except for catastrophic
fires in 2003 (35.64 thousand km?) (see Fig. 3a). In the
next period (from 2011 to 2019), it did not exceed this
level only in June 2013, 2015, and 2019. Fire areas of
less than 5000 km?/year were recorded in this region
during these years, but were higher for other years:
they exceeded 10000 km? in 2011, 2012, and 2016 (see
Fig. 3a). Since the early 2000s, a total of 57 thousand km?
burned out in the SFD in July over 10 years, and this
index has grown to 133.81 thousand km? over the last
9 years. It should be noted that while there were only
two years with catastrophic fires in July between 2001
to 2010 (2003 (15.27 thousand km?) and 2006
(23.55 thousand km?)), the frequency of large fires and
the areas burned in the SFD rose in the following years:
30.89 thousand km? in 2012, 27.86 thousand km? in
2016, and 28.13 thousand km? in 2019 (see Fig. 3a).

Inthe FEFD, the general dynamics of burned areas
is weak for most of the months of the fire season over
the 19 monitoring years (see Fig. 3b). We can see a
reduction in burned areas in September—October, but
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the size of burned areas are almost the same for the
two periods of observation (2001—2010 and 2011—
2019) in the other months (see Fig. 3b). The largest
areas burned areas in July were recorded in the FED,
compared to other regions (SFD, EPR, and UrFD)
(see Fig. 3). The total values of this parameter in the
FEFD were 147.18 thousand km? for the period 2001
t0 2010 and 138.33 thousand km? for the period 2011 to
2019. The sizes of burned areas were lower for the
SFD, EPR, and UrFD during these periods: 57.67 and
133.81 thousand km? for the SFD, 135.52 and
31.33 thousand km? for the EPR, and 23.63 and
24.05 thousand km? for the UrFD, respectively.

The results from this and other recent studies based
on satellite monitoring data (Bondur et al., 2019a,b;
Bondur et al., 2020) indicate that the general fre-
quency of wildfires tended to fall throughout the
country over the long term. Although the areas burned
were 4.9 times larger during the wildfires in 2019 than
the average values for the period 2001 to 2019 and
1.15 times larger in 2018 than the average values for the
Vol. 56
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period from 2001 to 2018, the total number of fire
sources fell with respect to the average long-term val-
ues. This was due primarily to antifire measures that
were taken after the catastrophic fires in 2010 in the
European part of Russia (Bondur, 2011; Vinogradova
et al., 2016). It is also explained by the uncontrolled
burning of dry grass on all categories of land in the
Russian Federation having been prohibited since the
end of 2015 (Decree of the Government of the Russian
Federation of November 10, 2015, no. 1213), while
earlier bans were selective.

Despite all the measures taken, however, the fire
seasons in Siberia and the Far East in 2018—2019 were
among the most catastrophic fire periods ever (Bon-
dur et al., 2019, 2020; Voronova et al., 2020; Kono-
valov et al., 2018). The main causes of forest fires in
2019 were careless handling of fire and dry thunder-
storms under the conditions of long-term drought and
abnormally hot and windy weather that were observed
in the zone of the effect of a blocking anticyclone with
positive geopotential anomalies (Forecast..., 2019;
Bondur et al., 2020).

Studies of the weather—climatic features in the
regions of Northern Eurasia have revealed the effect of
blocking anticyclones in areas with high temperatures
that contribute to the development of intensive wild-
fires. Enhanced blocking of anticyclonic activity in the
atmosphere, particularly over continental regions
(Bondur, 2011; Bondur et al., 2020; Sitnov et al., 2017),
combined with drying summer trends in the intracon-
tinental mid-Ilatitude regions (Yuanhuizi He et al.,
2020) contributes to an increased likelihood of wild-
fires and their negative consequences.

Figure 4 presents the total volumes of emissions of
trace gas components (CO,, CO, CH,, NO, and NO,)
and fine aerosols (PM2.5) into the atmosphere due to
wildfires that occurred in the Russian Federation from
2001 to 2019. The volumes of emissions into the atmo-
sphere depend on the weight of the burned organic
matter, its chemical composition, the conditions of
fire initiation and propagation, and the type and
intensity of the fire. Biomass burning is the source of
many gases, but studies usually deal with emissions of
solid substances and greenhouse gases: CO,, CO,
CH,, and nitrogen oxides (NO) (Bondur, 2016; Bon-
dur and Ginzburg, 2016; Vivchar et al., 2010).

Analysis of the volumes of emissions of different
components into the air in the Russian Federation
according to the satellite data for 2001 to 2019 (Fig. 4)
revealed extremely high volumes of emissions due to
wildfires in 2003: CO, (731 million tons), CO
(39.7 million tons), CH, (1.68 million tons), NO
(0.37 million tons), NO, (1.31 million tons), and
PM2.5 (4.8 million tons). In 2012, the second largest
maximum volume of emissions due to wildfires was
recorded during the given period: CO, (490.3 million
tons), CO (27.4 million tons), CH, (1.16 million tons),
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NO (0.27 million tons), NO, (0.89 million tons), and
PM2.5 (3.3 million tons).

Figure 5 shows the results from estimating the vol-
umes of emissions of trace gases caused by wildfires in
different regions of Russia (SFD, FEFD, EPR, and
UrFD), based on examples of (a) CO,, (b) CO, (c) CH,,
(d) NO, (e) NO,, and (f) PM2.5 calculated with
allowance for annually burned areas, according to the
satellite monitoring data for the fire periods (April to
October) from 2001 to 2019.

Analysis of the results presented in Fig. 5 shows
that such compounds as CO, and CO, make the largest
contributions to emissions from wildfires. At the same
time, the volumes of CH,, NO, NO,, and PM2.5
emissions are relatively low. Subsequent research
therefore focused on determining the volumes of car-
bon monoxide and dioxide emissions.

Figure 6 presents results from estimating the vol-
umes of trace gas emissions due to wildfires in the
SFD (Fig. 6a), FEFD (Fig. 6b), EPR (Fig. 6¢), and
UrFD (Fig. 6d), based on the example of CO and CO,
emissions calculated with allowance for annually
burned areas, determined according to the satellite
monitoring data for the period 2001 to 2019. Since the
distributions of the volumes of CO and CO, emissions
are similar for the given period, an axis of values was
additionally introduced to represent the volumes of
CO, emissions on the box-and-whisker plots of CO.

Analysis of the results presented in Fig. 6a shows
that fires in the SFD make a substantial contribution
to CO and CO, emissions. The maximum average
annual emissions of harmful pollutants into the atmo-
sphere in this region of Russia are typical of May and
July, with peak values recorded in May 2003 (11.2 mil-
lion tons of CO and 188 million tons of CO,) and in
July 2012 (8.1 million tons of CO and 116.8 million
tons of CO,) and 2019 (5.9 million tons of CO and
89.2 million tons of CO,). Emissions of carbon monox-
ide and carbon dioxide in summer months are charac-
terized by considerable interannual fluctuations with
generally higher values over the 19 years. The yearly dis-
tribution of emissions is symmetric for September—
October (their average values are 0.18—0.23 million
tons/year for CO), except in certain cases (e.g., Septem-
ber 2016, when the volumes of CO, and CO emissions
exceeded 55 and 3.5 million tons, respectively).

Figure 6b presents the volumes of CO and CO,
emissions due to wildfires in the FEFD. Analysis of
this figure shows that the maximum values of emis-
sions in this region were recorded in July 2003. The
range of the values of CO and CO, emissions due to
wildfires in the FEFD varied from 0.2 to 3.6 and 3.2 to
77.4 million tons in July from 2001 to 2019, respec-
tively; the median value was 1.2 million tons for CO
and 35 million tons for CO,. The distribution and val-
ues of CO emissions in April were similar in the SFD
and FEFD (the median was around 1 million tons),
Vol. 56
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but the volumes of CO emissions in May fell in the
FEFD (the median was 0.4 million tons) and steadily
increased in the SFD during this month (the median
was 1.7 million tons) throughout the 19-year period of
observation (see Figs. 6a, 6b). A similar pattern is also
seen for the distribution of the volumes of CO, emis-
sions in the SFD and FEFD in April and May from
2001 to 2019 (see Figs. 6a and 6b).

In the EPR (see Fig. 6¢) and UrFD (see Fig. 6d),
the median values of the average annual CO volumes
for the given period do not exceed 0.5 million tons for
most of the months except April in the EPR. The max-
imum emissions of the average annual CO volumes
were recorded in April—May, but it should be noted
that all of these data were obtained before 2010.
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Based on our analysis of the annual average monthly
estimates of the volumes of emissions of carbon-con-
taining trace gases according to the satellite monitor-
ing data, we studied the contributions from all regions
and followed their changes over the 19 years. Figure 7
shows the contributions from the SFD, FEFD, EPR,
and UrFD regions to the volumes of CO and CO,
emissions due to wildfires from 2001 to 2019. Accord-
ing to the figure, the contribution from the EPR to the
CO and CO, emissions in April was greatest from 2001
to 2010. In some years, the volume of emissions reached
60—80% of the total volumes of emissions throughout
the Russian Federation. From 2012 to 2017, the distri-
butions of CO and CO, emissions were similar
between the EPR, SFD, and FEFD (within 20—40%).
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In the last two years, the volumes of CO and CO,
emissions have increased in the EPR, reaching 60% of
the emissions throughout Russia.

In May, the greatest CO and CO, emissions from
2001 to 2017 were observed in the SFD (from 40 to
80% of total volumes throughout Russia), but the
effect of the FEFD has been growing gradually since
2012, with a clearly defined 1—2 year cyclicality of high
and low volumes of emissions (see Fig. 7).

In the EPR and UrFD, the total contribution to
CO and CO, emissions in June did not exceed 20%,
while the SFD and FEFD cyclically contributed 60—
80% of the CO and CO, emissions. It should be noted
that this is the only month when the greatest annual
emissions in the SFD corresponded to the minimum
volumes in the FEFD and vice versa (i.e., they were
actually in antiphase) (see Fig. 7). The contribution
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from the EPR to CO and CO, emissions was 40% in
July from 2001 to 2010 and fell from 10 to almost 0%
in 2011—2019. The contribution from the UrFD to CO
and CO, emissions was 2 to 26% in July. The maxi-
mum values were recorded in 2005 (17%), 2007 (16%),
2013 (26%), and 2017 (22%). The greatest contribu-
tion of the FEFD was over 70% in 2008. Every 3—
4 years, the greatest annual emissions in the SFD in
July reached 80% of the volumes of CO and CO, emis-
sions throughout the country (see Fig. 7).

In August, the EPR’s contribution to CO and CO,
emissions predominated until 2010, being more than
80% of all emissions throughout Russia in some years
(2004 and 2008). In the UrFD, the interannual varia-
tions in the CO and CO, contribution generally had
the same trend in August as in July and rose only
slightly. The role of the SFD and FEFD has constantly
Vol. 56
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Fig. 6. Distribution of annual CO and CO, emissions with indication of quartiles in the fire season from 2001 to 2019 for selected
regions of the Russian Federation: (a) SFD; (b) FEFD; (c¢) EPR; and (d) UrFD.
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grown since 2008, reaching 80% (in 2015) for the SFD
and 50% (in 2011 and 2014) for the FEFD. It is inter-
esting to note that the volumes of CO and CO, emis-
sions grew almost simultaneously in this month, in
contrast to June and July (see Fig. 7).

In September, the EPR and SFD made the largest
contribution to CO and CO, emissions due to wildfires
throughout the period of observation from 2001 to
2019. The graphs of the dynamics of the volumes of
CO and CO, emissions are asynchronous for these
regions; i.e., the SFD was characterized by the mini-
mum values of CO and CO, emissions in those years
when their values were greatest for the EPR (Fig. 7).

The contribution from the UrFD to CO and CO,
emissions has fallen in October since 2010. The dynam-
ics of emission volumes is smooth in the SFD and EPR,
as there were only small fluctuations that did not exceed
50% of the contribution from the regions to the general
situation. These fluctuations were rarely less than 20%,
while the contribution from the FEFD to CO and CO,
emissions in October exceeded 60% in 2001, 2002,
2006, and 2016 (see Fig. 7).

Our analysis based on the satellite monitoring data
thus allowed us to identify some patterns in the spatio-
temporal dynamics of changes in areas burned in the
Russian Federation from 2001 to 2019 and assess the
contribution from large regions of the Russian Feder-
ation to emissions of the main trace gas components
(including carbon-containing gases and fine aerosols)
caused by wildfires over the 19-year period.

CONCLUSIONS

Our research shows there was a general trend
toward a reduction in wildfire areas in the Russian
Federation from 2001 to 2019, despite the catastrophic
fires in Siberia and the Far East in 2019. The main
contribution to the reduction of areas burned came
from the EPR and UrFD, due mainly to administra-
tive and legal measures taken after 2010.

According to the results from our analysis of satel-
lite data, the dynamics of fluctuations in the areas
burned in the SFD and FEFD was cyclical from 2001
to 2019, falling at one time and rising at another, due
most likely to the effect of such natural factors as
blocking anticyclones and precipitation, temperature,
and wind anomalies. In the spring—autumn period,
the size of burned areas clearly tended to shrink in the
zones of intensive farming in all regions of the country
in April, May, September, and October from 2010.
The period from June to August (when forest fires pre-
dominate) was characterized by cyclical fluctuations
(one-year fluctuations for July and two- to three-year
fluctuations for June and August) from 2001 to 2019
(with maxima in 2002, 2003, and 2012, and with no
clearly defined minima).

Estimates of the volumes of emissions of different
trace gases and fine aerosols due to wildfires through-
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out the Russian Federation revealed extremely high
values in 2003: CO, (731 million tons), CO (39.7 mil-
lion tons), CH, (1.68 million tons), NO (0.37 million
tons), NO, (1.31 million tons), and PM2.5 (4.8 mil-
lion tons). In 2012, a second maximum was recorded
for the considered period: the volumes of emissions
due to wildfires were 490.3 million tons of CO,,
27.4 million tons of CO, 1.16 million tons of CH,,
0.27 million tons of NO, 0.89 million tons of NO,, and
3.3 million tons of PM2.5.

According to the results from satellite monitoring,
the EPR made a substantial contribution to carbon
oxide emissions in April and September—October
throughout the period of observation. Although the
volume of emissions during the fire season has clearly
tended to fall in the EPR since 2010, the values of
emissions have grown in the spring—autumn period
over the last three years (e.g., in September 2017, when
the volume of emissions in the region reached 80% of
the emissions throughout Russia). It was found that
the pattern of CO and CO, emissions was asynchro-
nous in the SFD and EPR (i.e., the SFD was charac-
terized by minimum emissions in those years when
peak values were observed for the EPR). The SFD and
FEFD make the greatest contributions to CO and CO,
emissions in the Russian Federation (due mainly to
forest fires that occurred from May to August). These
regions are characterized by interannual fluctuations
of maximum and minimum values. In June, the con-
tributions from the SFD and FEFD are as much as
60—80% of all CO and CO, emissions caused by fires
in the country (i.e., the greatest annual emissions in
the SFD correspond to the minimum ones in the
FEFD and vice versa). Since 2012, the contribution
from the SFD became predominant in July, reaching
almost 80% of total emissions throughout Russia every
3—4 years. The EPR made the greatest contribution to
CO and CO, emissions in August until 2010, being
more than 80% of total emissions throughout Russia
in 2004 and 2008. Since 2008, the effect the Siberian
and Far Eastern regions have on CO and CO, emis-
sions due to fires throughout Russia has grown
steadily, reaching 80% for the SFD in 2015 and 50%
for the FEFD in 2011 and 2014. At the same time, in
contrast to June and July, the volumes of CO and CO,
emissions grew almost simultaneously.

It was found that the UrFD with its relatively small
annual size of burned areas makes a lesser contribution
to CO and CO, emissions caused by wildfires through-
out Russia. However, it should be noted that the
region’s contribution in July—August has been more
than 20% in some years since 2010, in contrast to the
period before 2010, when the average contribution of
this region did not exceed 5%.

Our analysis of the results from satellite monitoring
thus revealed the patterns of the spatial and seasonal
distributions of wildfire areas at the regional and
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national levels. Despite the general trend toward a
reduction in areas burned by wildfires throughout Rus-
sia over the given period (from 2001 to 2019), regional
analysis showed that the fire areas in the Siberian and
Far Eastern regions grew and shrank cyclically in sum-
mer in different years, thereby displaying a trend
towards an increase in the frequency of occurrence of
strong fires.

Our results testify to the high efficiency of using sat-
ellite monitoring data for quantitative assessment of the
spatiotemporal dynamics of burned areas, along with
the volumes of trace gas emissions (particularly carbon
oxides) and fine aerosols caused by wildfires through-
out the Russian Federation and in its large regions.
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