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This paper presents the statistics of direct wildfire carbon emission estimates during the wildfires of 2021 on 
forest lands of Russia using long-term satellite data. In 2021, the area affected by forest wildfires was 9.3 million ha, 
while carbon emissions amounted to 66.4 MtC. Said values are almost two points higher than the long-term average 
values. A comparison of similar indicators for twenty years allowed us to conclude that said year was anomalous 
with respect to the entire time series, similar to the wildfire seasons of 2003 and 2012. A period or interval for 
recurrence of three anomalous wildfire seasons is nine years. The reason for the recurrence of anomalous wildfire 
seasons is yet to be found. At the same time, the forest areas affected by wildfires, and direct carbon and other 
greenhouse gas emissions in anomalous wildfire years decreased from 127.2 MtC (3.7 times) in 2003 to 83.8 MtC 
(2.4 times) in 2012, and to 66.4 MtC (1.9 times) in 2021.
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The task of estimating and monitoring 
yearly direct wildfire greenhouse gas emis-
sions using remote sensing data from space is 
being solved by many research teams in Russia. 
The results and databases with long-term es-
timates of direct pyrogenic carbon emissions 
in the 21st century were published in a num-
ber of studies, in particular by A. Shvidenko 
and D. Schepaschenko (Shvidenko, Schepas-

chenko, 2013), V. Kharuk et al. (Kharuk et al., 
2021), and E. Ponomarev et al. (Ponomarev et 
al., 2021). A. Shvidenko and D. Schepaschenko 
found that, for the period from 1998 to 2010, 
on average, the annual values of direct wildfire 
carbon emissions in Russia were 121 ± 28 MtC, 
of which 92 ± 18 MtC (2/3 of total emissions) 
were associated with wildfires on forest lands. 
V. Kharuk et al. (2021) presented an assess-
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ment of areas affected by wildfires in Central 
Siberia for the period from 1999 to 2019 ac-
cording to remote sensing data. The authors 
state that 30% of all satellite data of wildfires 
detected in Central Siberia are detected on 
forested cover lands. The average long-term 
values of direct wildfire pyrogenic carbon 
emissions in the 21st century in Siberia are 
estimated at 85 ± 20 MtC per year. 

E. Ponomarev et al. (2021) list even 
greater amounts of wildfire emissions in Cen-
tral Siberia for the period of 2002–2020. Ac-
cording to them, average pyrogenic carbon 
emissions amounted to 80 ± 20 MtC/year 
in the first decade of the 21st century, and 
110 ± 20 MtC/year in the second decade. At the 
same time, the authors note that in the anom-
alous fire seasons of 2003, 2012, and 2019, 
direct wildfire carbon emissions amounted 
to over 150 MtC/year, 220 MtC/year, and 
180 MtC/year, respectively.

Each team used its own techniques to 
calculate pre-fire forest fuel reserves, models 
to determine wildfire type and intensity, and 
methods to estimate direct pyrogenic carbon 
emissions. For example, E. Ponomarev et al. 
(Ponomarev et al., 2021) used in their mod-
els the values of fire radiative power for each 
MODIS image pixel when calculating wildfire 
areas for wildfires of varying (low, medium, 
and high) degrees of intensity. Areas covered 
by wildfires were spatially tied to thematic 
classes of vegetation maps (VEGA-PRO, 2022); 
based on generalized data on forest fuel (FF) 
reserves collected from literature sources 
and ground measurements, total pre-fire FF 

reserves (in the range from 13.8 to 54.0 t/ha) 
for different types of woody vegetation were 
determined. Using empirical estimates, again 
collected from research papers, the authors 
defined the ranges of conversion rates and 
volumes of combustible FF in wildfires of 
various intensities. Thus, the authors cite 
the following ranges of biomass reserve con-
sumption for major conductors of forest fuel 
combustion in low, medium, and high inten-
sity wildfires: 1.1–9.7 t/ha, 8.6–21.5 t/ha, and 
22.5–53.6 t/ha, respectively. These ranges are 
then used to quantify direct wildfire carbon 
emissions in Siberia.

The purpose of the study presented in 
this paper is to estimate direct pyrogenic car-
bon emissions 2021 based on the developed 
and tested methodology (Ershov et al., 2009), 
as well as analyze and compare the obtained 
estimates with long-term satellite monitoring 
over forest wildfires as well as direct pyrogen-
ic emissions of carbon and other greenhouse 
gases (2002–2020).

MATERIALS AND METHODS

We used our methodology for assessing 
annual direct pyrogenic carbon emissions 
from wildfires for Russian forests at the na-
tional level. Carbon emission methodology on 
pixel level assessment of spatially distributed 
data (raster maps) on wildfires and pre-fire 
forest fuel reserves of low spatial resolution 
MODIS (230 m) is based. For each pixel with 
a thematic class of forest cover in the vegeta-
tion map of terrestrial ecosystems (Bartalev 
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(Shvidenko et al., 2008); (4) coarse woody 
debris (Shvidenko et al., 2009); and (5) forest 
litter (Schepaschenko et al., 2013).

Pyrogenic carbon emissions in forests are 
determined based on data on the pre-fire re-
serves of main FF combustion conductors, as 
well as wildfire type and intensity (Ershov et al., 
2016), corresponding consumed forest fuel re-
serves and corresponding volumes of carbon 
and greenhouse gases. Spatial wildfire data is 
generated every year and obtained from Da-
tacenter IKI-Monitoring (Lupjan et al., 2019). 

To determine the type and intensity of 
a forest wildfire, athematic raster product 
with forest tree condition damaged by wildfire 
(Stycenko et al., 2013) as well as forest classes 
of vegetation map (Bartalev et al., 2016) are 
used. Depending on the degree of damage to 
coniferous or deciduous forests in each pixel of 
the vegetation map, the wildfire type (crown 
fire or ground fire), as well as the degree of 
ground fire intensity are determined. The 
obtained raster product of the wildfire type 
and intensity to determine the proportion of 
consumed combustion conductor reserves for 
upper tree canopy, undergrowth, shrub, liv-
ing ground vegetation cover, and forest litter 
is then used. At the final stage, the biomass 
reserves of all layers of FF vertical profile are 
combined into a common indicator. The total 
consumed biomass reserves are then reduced 
by half and converted to direct pyrogenic 
carbon emissions. To obtain the estimates of 
greenhouse gases, conversion rates are used 
that were published in the paper of D. Zamolod-
chikov et al. (Zamolodchikov et al., 2005).

et al., 2016), FF reserves of the upper cano-
py, new growth, undergrowth, living ground 
cover, and forest litter (t/ha) were assessed 
according to the methodology (Sochilova 
et al., 2009). The obtained digital raster lay-
ers form the basis for a spatial framework of 
pre-fire forest fuel. The ranges of minimum 
and maximum FF reserves for forest classes 
on the vegetation map listed in Table 1 show 
comparable values provided by the article 
by E. I. Ponomarev et al. (2021) and by other 
authors (Vonskij, 1957; Kurbatskij, 1970; 
Sheshukov, 1970; Tsvetkov, 2001; Fedorov, 
Cykalov, 2002; Furjaev et al., 2007; Matveeva, 
2008; Furjaev et al., 2009; Kovaleva et al., 
2017). Some underestimations of the average 
biomass reserves of combustion conductors 
are probably because the calculations used 
the 2006 state forest accounting data and the 
corresponding conversion rates (Zamolod-
chikov et al., 2003), as well as the database 
on biomass and forest productivity at test 
plots, collected from study materials (Utkin et 
al., 1994). It may be necessary to update the 
databases and improve the calculation meth-
ods. Moreover, the calculation of the biomass 
FF reserves does not include data for logs and 
coarse woody debris, which could also affect 
the total reserves of combustion conductors. 
In upcoming our papers, significant changes 
will be made in the calculations of FF biomass 
reserves based on a number of models the 
authors published for the following layers: 
(1) tree biomass (Schepaschenko et al., 2018); 
(2) lower tree layers —undergrowth and for-
est shrubs; (3) living ground vegetation cover 
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No Forest cover 
type

upper 
canopy (trees), t/ha

undergrowth and 
forest shrubs, t/ha

living ground 
vegetation cover, t/ha forest litter, t/ha

mean
±sd

mean
±sd

mean
±sd

mean
±sd

min–max min–max min–max min–max

1

Dark 
coniferous 
evergreen 
forests

12.60
±3.80

3.66
±0.74

4.55
±1.28

20.94
±6.79

4.36–48.95 0.18–7.61 0.10–10.45 4.20–31.40

2

Light 
coniferous 
evergreen 
forests

8.77
±3.77

1.45
±0.28

5.16
±1.75

20.06
±12.2

2.73–31.79 0.39–5.91 0.05–34.60 4.20–48.40

3 Deciduous 
forests

8.01
3.00

2.85
±1.20

4.35
±1.51

9.54
±6.74

0.39–34.75 1.23–5.83 0.05–10.42 1.40–39.60

4
Larch forests 
(incl. rare 
forest)

4.11
±1.63

1.78
±0.20

4.38
±0.70

15.40
±4.13

1.05–12.80 0.99–2.80 0.23–9.39 11.00–33.00

5

Mixed 
coniferous 
dominated 
forests

9.96
±3.11

2.31
±0.54

4.47
±1.50

10.68
±4.55

0.85–33.99 0.94–5.52 0.05–23.55 5.22–22.76

6

Mixed forests 
with equal 
participation 
of coniferous 
and 
deciduous 
tree species

10.62

±3.06

2.24

±0.56

4.31

±1.41

12.60

±4.94

0.95–33.65 1.01–5.16 0.05–20.77 7.60–24.70

7

Mixed 
deciduous 
dominated 
forests

8.31
±2.40

2.30
±0.56

4.11
±1.50

10.00
±3.75

0.39–12.80 1.09–4.81 0.05–18.0 6.30–21.20

Table 1. Ranges of biomass reserves of main FF combustion conductors  
by types of vegetation maps of terrestrial ecosystems (Bartalev et al., 2016)
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RESULTS AND DISCUSSION

As a result of applying our methodology 
we determined the ranges (relative to aver-
age values) of the biomass FF consumption 
for various wildfire types and intensities dur-
ing the fire season of 2021. The estimates 
obtained for biomass reserve consumption 
as a result of low, medium, and high inten-
sity ground fires, as well as crown fires on 
the forested cover lands of Russia in 2021 
range as follows: 0.05–5.46 t/ha (on average 
1.62 ± 0.55 t/ha), 1.4–25.33 t/ha (on average 
9.51 ± 1.97 t/ha), 0.3–43.25 t/ha (on average 
14.37 ± 4.79 t/ha) and 12.20–66.32 t/ha (on 
average 24.62 ± 2.35 t/ha), respectively. The 
values of average biomass consumption of 
main FF combustion conductors are some-
what underestimated as compared with the 
literature sources cited in the introduction of 
this paper, as noted above, due to underesti-
mation of pre-fire fuel reserves of the main 
FF combustion conductors. The scale of this 
underestimation has yet to be clarified us-
ing ground-based data on biomass reserves 
in forests and other terrestrial ecosystems, 
whose collection is supported by a research 
grant as part of development of a national 
system for monitoring over climatically active 
substances (Decree …, 2022).

We presented the estimated wildfire 
emissions over a long period of observations 
(2002–2021) at the scientific conference “Re-
search Foundations of Sustainable Forest 
Management” (Ershov et al., 2022). According 
to the satellite monitoring data (2002–2021), 
the total area of forests affected by wildfires 

over 20 years amounted to 100.3 million 
ha, while direct carbon wildfire emissions 
amounted to 725.5 MtC (Table 2). For 2002–
2020, the average area of forests affected by 
wildfires per year according to our estimates 
was 4.79 (±3.05) million ha/year, while di-
rect pyrogenic carbon emissions amounted to 
34.69 (±28.27) MtC/year. 

The penultimate line of Table 2 shows the 
difference between the values of areas affect-
ed by forest wildfires, direct pyrogenic emis-
sions of carbon and greenhouse gases in 2021, 
and average long-term values of the same in-
dicators obtained for 2002–2020. 

All indicators, except for specific carbon 
emissions (column 4), exceed the average 
long-term values, while the order of num-
bers is commensurate with the average long-
term values. Emissions of carbon and other 
greenhouse gases in 2021 exceeded the aver-
age long-term values by 1.9 times, similar to 
2003 (3.7 times) and 2012 (2.4 times). Thus, 
2021 can be considered an anomalous year in 
terms of direct carbon emissions from wild-
fires, similar to the fire- seasons of 2012 and 
2003 (Fig. 1).

The diagram (Fig. 1) shows three distin-
guished anomalous years that exceed the total 
values of pyrogenic carbon emissions relative 
to the average long-term values by 92.4, 49.1, 
and 31.8 MtC. The time interval in between 
is 9 years. In our paper (Ershov, Sochilova, 
2020), we noted that, when analyzing the 
time interval series of 2002 to 2020, two 
anomalous years were found with 9-years 
interval in between. We suggested that 2021 
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Year
Carbon 
emissions, 
tCO2e

Area covered 
by forest 
wildfires, ha

Specific 
carbon 
emissions, 
t/ha

Greenhouse gas emissions, t

CO2 CO CH4 N2O NOx

1 2 3 4 5 6 7 8 9
2002 21 692 800 4 671 712 4.64 79 540 267 3 036 992 347 085 2386 86 244
2003 127 116 214 12 025 093 10.57 466 092 785 17 796 270 2 033 859 13 983 505 378
2004 13 941 921 1 224 070 11.39 51 120 377 1 951 869 223 071 1534 55 429
2005 20 990 370 1 328 394 15.8 76 964 690 2 938 652 335 846 2309 83 452
2006 22 158 988 3 657 062 6.06 81 249 623 3 102 258 354 544 2437 88 098
2007 2 831 700 974 423 2.91 10 382 900 396 438 45 307 311 11 258
2008 26 560 308 6 832 945 3.89 97 387 796 3 718 443 424 965 2922 105 596
2009 12 046 092 2 739 083 4.4 44 169 004 1 686 453 192 737 1325 47 892
2010 15 321 461 2 107 599 7.27 56 178 690 2 145 005 245 143 1685 60 914
2011 26 770 414 3 850 295 6.95 98 158 185 3 747 858 428 327 2945 106 432
2012 83 821 145 11 365 539 7.38 307 344 198 11 734 960 1 341 138 9220 333 249
2013 28 093 793 3 420 556 8.21 103 010 574 3 933 131 449 501 3090 111 693
2014 35 882 796 4 441 315 8.08 131 570 251 5 023 591 574 125 3947 142 660
2015 20 413 097 3 691 087 5.53 74 848 024 2 857 834 326 610 2245 81 157
2016 37 188 902 6 341 329 5.86 136 359 307 5 206 446 595 022 4091 147 852
2017 40 089 468 3 334 361 12.02 146 994 716 5 612 526 641 431 4410 159 384
2018 43 339 633 6 622 768 6.54 158 911 988 6 067 549 693 434 4767 172 306
2019 44 213 928 5 904 418 7.49 162 117 736 6 189 950 707 423 4864 175 782
2020 36 603 092 6 465 819 5.66 134 211 337 5 124 433 585 649 4026 145 523
Total
2002–2020 659 076 122 90 997 868 7.24 2 416 612 448 92 270 657 10 545 218 72 497 2 620 300

Average 
multi-year 
value

34 688 216.95 4 789 361.5 7.4 127 190 128.8 4 856 350.4 555 011.5 3815.6 137 910.5

Standard 
deviation 28 270 109.0 3 052 654.9 3.2 103 657 066.2 3 957 815.2 452 321.6 3109.8 112 393.9

2021 66 441 800 9 298 508 7.15 243 619 933 9 301 852 1 063 069 7309 264 154
Multi-year 
mean 
relative

+31 753 583.1 +4 509 146.5 –0.25 +116 429 804.5 +4 445 501.6 +508 057.3 +3493.0 +126 243.1

Total
2002–2021

725 517 922 100 296 376 7.23 2 660 232 381 101 572 509 11 608 287 79 806 2 884 453

Table 2. Estimates of direct emissions of carbon and other greenhouse gases due to forest 
wildfires, obtained from 2002–2021 satellite monitoring  

across the Russian Federation
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might turn out to be anomalous as well if the 
identified cyclic recurrence exists in the ter-
ritory of Russia. The reason for such cyclic 
recurrence in Russia has not yet been estab-
lished and needs more research. We can only 
state that direct pyrogenic carbon emissions 
in anomalous years decreased over 20 years 
from 127.1 MtC (2003) to 83.8 MtC (2012), 
and to 66.4 MtC in 2021. Presumably, this is 
due to the fact that there was a systematic ex-
cess of pyrogenic carbon emissions relative 
to the long-term average value from 2016 to 
2020, and the total value of emission exceed-
ances for 2012–2020 has a positive sign, i. e. 
57.45 MtC (Fig. 1). Thus, as wildfire intensi-
ty increases from year to year, the yearly FF 
consumption in forest ecosystems increases, 
which results in decreased emissions during 

anomalous years. However, this assumption 
requires additional validation of our model 
calculations based on ground data in forests 
affected by wildfires, whose collection will 
also be sponsored by a research grant as part 
of development of a national system for moni-
toring over climatically active substances (De-
cree …, 2022).

Presumably, 2022 will be a regular wild-
fire season in Russia that may not exceed the 
areas of forest wildfires and direct wildfire 
carbon emissions relative to the average long-
term values.

Considering the space of distributed 
wildfire carbon emissions in 2021 in Russia 
(Fig. 2), it can be noted that the main contri-
bution is traditionally made by regions of the 
Urals (Khanty-Mansiysk and Yamal-Nenets 

Figure 1. Deviation in values of direct pyrogenic carbon emissions relative to the average long-term values from 2002 to 
2020. The blue lines indicate the intervals between anomalous years in increments of 9 years, and the numbers indicate the 

amount and sign of carbon emissions relative to the average long-term values for 19 years  
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Figure 2. Distribution map of direct specific wildfire carbon emissions (t/ha) in 2021 in Russian forests

Autonomous Okrugs), Siberia (Tomsk Oblast, 
Krasnoyarsk Krai, Irkutsk Oblast), and the 
Far East (Republic of Sakha (Yakutia), Za-
baykalsky Krai, and Amur Oblast). There is 
also an increase in flammability and carbon 
emissions in the northern latitudes of the Eu-
ropean part of Russia’s forests compared to 
2020 (Ershov, Sochilova, 2022).

Figure 3 shows the deviation of specific 
pyrogenic carbon emissions in 2021 relative 
to the long-term average values. In 2021 (as 

in 2020), excessive carbon emissions relative 
to the average long-term values was observed 
in forests of the Republic of Yakutia, in most 
areas of Magadan Oblast and Chukotka Auton-
omous Okrug, and in the north of Khabarovsk 
Krai. Also, the emissions of 2021 exceeded 
the average long-term values on forest lands 
in the Volga region and north-western areas. 
In the European and southern parts of Rus-
sia, excessive carbon emissions over the long-
term average values are local and fragmented.
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CONCLUSION

The yearly direct pyrogenic emissions of 
carbon and other greenhouse gases resulting 
from forest wildfires in Russia in 2021 were 
estimated by method of the Center of Forest 
Ecology and Productivity of the Russian Acad-
emy of Sciences. The calculations of biomass 
reserve consumption of forest fuel for vari-
ous wildfire types and intensities showed un-
derestimated values relative to other studies, 
which is associated with an underestimation 
of pre-fire reserves of the main combustion 
conductors in forests of Russia. We plan to 
significantly modernize the calculation meth-

odology by using up-to-date models for as-
sessing the biomass of forest fuel layers and 
new sets of themed satellite products of me-
dium spatial resolution (230 m). 

According to the results of the current 
methodology, the forest areas affected by 
wildfires amounted to 9.3 million ha in 2021, 
and direct wildfire carbon emissions were 
estimated at 66.4 MtC. Our assumptions that 
2021 would be an anomalous year in terms 
of wildfires and greenhouse gas emissions 
resulting from forest wildfires have been con-
firmed to be true. We also detected the recur-

Figure 3. Map of deviations of direct pyrogenic carbon emissions in 2021 relative to long-term average values
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ring anomalous wildfire seasons once every 
nine years over the past 20 years of monitor-
ing. More research is needed to determine 
the cause and relations of this recurrence. It 
is important to note that emissions during 
anomalous years are systematically decreas-
ing, which is probably due to the increase in 
large high-intensity wildfires in forests and 
increased consumption of forest fuel during 
regular fire seasons. 
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В статье приводится статистика количества углерода, эмитированного в атмосферу в различных 
соединениях в результате крупных пожаров 2021 г. в лесах России с использованием данных дистанци-
онного мониторинга. В 2021 г. площадь повреждении�  лесов от пожаров составила 9.3 млн га, а размеры 
выбросов углерода — 66.4 Мт С, что выше среднемноголетних значении�  почти в два раза. Сравнительныи�  
анализ площадеи�  лесных пожаров и прямых эмиссии�  углерода 2021 г. с временнои�  сериеи�  этих показате-
леи�  за последние двадцать лет позволил сделать вывод о том, что этот год является аномальным относи-
тельно всего временного ряда аналогично пожароопасным сезонам 2003 и 2012 гг. Период повторяемо-
сти трех аномальных пожарных сезонов составляет девять лет. Причина повторяемости не установлена. 
При этом прои� денные пожарами площади лесов и размеры выбросов углерода и других парниковых газов 
в аномальные годы снижается со 127.2 Мт С (3.7 раза) в 2003 г., 83.8 Мт С (2.4 раза) в 2012 г. до 66.4 Мт С 
(1.9 раза) в 2021 г.

Ключевые слова: лесные пожары, пирогенные эмиссии, углерод, дистанционный мониторинг, лесные 
горючие материалы
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