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Abstract

:

Smoke from wildfires in Siberia often affects air quality over vast territories of the Northern hemisphere during the summer. Increasing fire emissions also affect regional and global carbon balance. To estimate annual carbon emissions from wildfires in Siberia from 2002–2020, we categorized levels of fire intensity for individual active fire pixels based on fire radiative power data from the standard MODIS product (MOD14/MYD14). For the last two decades, estimated annual direct carbon emissions from wildfires varied greatly, ranging from 20–220 Tg C per year. Sporadic maxima were observed in 2003 (>150 Tg C/year), in 2012 (>220 Tg C/year), in 2019 (~180 Tg C/year). However, the 2020 fire season was extraordinary in terms of fire emissions (~350 Tg C/year). The estimated average annual level of fire emissions was 80 ± 20 Tg C/year when extreme years were excluded from the analysis. For the next decade the average level of fire emissions might increase to 250 ± 30 Tg C/year for extreme fire seasons, and to 110 ± 20 Tg C/year for moderate fire seasons. However, under the extreme IPCC RPC 8.5 scenario for Siberia, wildfire emissions might increase to 1200–1500 Tg C/year by 2050 if there were no significant changes in patterns of vegetation distribution and fuel loadings.
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1. Introduction


Carbon emissions from wildfires are a significant factor affecting air quality over large areas of the Northern hemisphere during the fire season in the boreal forests and tundra of Siberia (May–August) [1,2]. Siberian wildfires are responsible for most of the annual burned area in Russia (70% of fire events and up to 90% of the total burned area) [3,4]. Every year, about 5–20 MHa of forests are affected by wildfires there [4]. Smoke from these fires can be transported thousands of kilometers from the zone of mass wildfires depending on atmospheric circulation patterns and on current meteorological conditions [5]. Wildfire emissions frequently affect air quality in the main cities of central and southern Siberia (Novosibirsk, Krasnoyarsk, Yakutsk, and Irkutsk etc.). In some years, the smoke from Siberia has been transported to European Russia (in 2012, 2016), or to the Russian Far East (in 2003), as well as to the Arctic (in 2019) [5,6,7] and North America [8,9]. Transboundary transfers of fire emissions to neighboring countries have also been observed [10].



For Siberia, the range of carbon emissions and accuracy of burned area estimates have been studied for several decades [1,2,11,12,13,14]. According to Conard et al. [1], estimated emissions for Russian boreal forests in 1998 were from 135 to 190 Tg C. Soja et al. [11] calculated that potential annual fire emissions between 1998 and 2002 could range from 116 to over 500 Tg C/year depending on annual burned area and fuel consumption rates.



These estimates [1,2,11,12,13,14] should be considered as first approximations since the referenced estimates are based on the burned area and do not explicitly consider variations in burning intensity within each fire event. For precise estimates, it is necessary to consider spatial and temporal differences in fire intensity and fuel consumption. This would require emissions to be calculated for every part of a burned area based on differences in burning characteristics. Using satellite data, it is possible to obtain more accurate estimates of active burning zones and burned areas [14,15] as well as of the intensity of combustion and various emission components [16,17,18]. Wooster et al. [16] showed that the biomass combustion rate is linearly related to fire radiative power (FRP, MW/km2) in experimental fires. This is the basis for the standard products MOD14/MYD14 from Terra/Aqua/MODIS (https://ladsweb.modaps.eosdis.nasa.gov/, accessed on 25 March 2021) [17,18]. Improved accuracy of biomass combustion and carbon emissions estimates requires accounting for burning characteristics of individual fire polygons to reflect spatial variability in fire behavior and fuel consumption. Extreme estimates [11] of emissions for Siberia assume high-severity fire across the landscape, which is unlikely except under the most severe local or regional conditions. Other recent estimates for Russia suggest long-term average values of 120–240 Tg C/year [19,20]. Clearly more accurate estimates of fire emissions are important for a full understanding of the impact of wildland fires on the atmosphere and on terrestrial carbon budget.



The aim of this study was to estimate variation and trends of carbon emissions from wildfires over the past two decades in the Siberian forest, forest-steppe, and tundra by incorporating FRP data from individual active zones (active fire pixels) within each fire polygon.




2. Materials and Methods


2.1. Study Area


Siberia covers about 9.7 × 106 km2 between 50–75° N and 60–150° E (Figure 1). This is about 56.64% of the area of Russia. The area of Siberian forests is estimated at 6.0 × 106 km2. About 70% of Russian forests (including sparse larch stands) are in Siberia [4]. The major forest types in Siberia are dominated by larch (Larix sibirica, L. gmelinii, and L. cajanderi), Scots pine (Pinus sylvestris), dark coniferous forest (Pinus sibirica, Abies sibirica, Picea obovata), Siberian dwarf pine (Pinus pumila), birch (Betula spp.), and aspen (Populus tremula) species. Based on data from Vega-service (Service of the Russian Academy of Sciences’ Space Research Institute, IKI, Moscow, http://pro-vega.ru/maps/, accessed on 25 March 2021), forests dominated by larch cover an area of 2.7–3.0 × 106 km2; the area of Scots pine stands is 1.0 × 106 km2; dark coniferous stands occupy 0.75 × 106 km2; and mixed forest covers about 0.77 × 106 km2. Pinus pumila covers about 0.25 × 106 km2 at the interface between taiga and tundra [21]. We evaluated fire activity in these forest areas and tundra using GIS geospatial calculations for Azimuthal Equidistant projection and Sphere geoid (WGS_1984).




2.2. Data on Wildfires


We used the V.N. Sukachev Institute of Forest (Krasnoyarsk, Russia) wildfire database for Siberia created using remote sensing data obtained by our receiving station in Krasnoyarsk in 2002–2020 (Figure 2).



The information on wildfires was stored as a geographic information system (GIS) polygon layer, with attributive data on coordinates, dates, fire shape, and its daily dynamics, as well as on area burned (Figure 3) [22]. The processing chain for the initial MODIS data was based on the approach of Giglio et al. [23]. Our algorithm differs mainly in its approach for aggregating fire detections (fire pixels) into fire polygons and subsequently using a correction procedure for precise estimates of the burned area [22]. For this paper, we considered all vegetation fires detected by remote sensing over the territory of Siberia for 2002–2020 (Figure 2). Active fire products of MODIS data for fire radiative power (MOD14/MYD14) were acquired from the Level-1 and Atmosphere Archive and Distribution System (LAADS) Distributed Active Archive Center (DAAC) website (https://ladsweb.modaps.eosdis.nasa.gov/, accessed on 25 March 2021).




2.3. Classification of Wildfire Polygons in Terms of FRP


For every active fire pixel within a wildfire polygon (Figure 3), we calculated statistics for mean fire radiative power (FRPmean) and standard deviation (SD). Next, we classified all fire pixels from the database into three categories of FRP: fire pixels of low FRP (FRP < FRPmean − σ), fire pixels of medium FRP (FRPmean − σ < FRP < FRPmean + σ), and fire pixels of high FRP (FRP > FRPmean + σ) [24]. Thus, we distinguished areas of wildfire polygons (A) corresponding to parts of the burned area with low, medium, and high FRP (Ai(FRPi)), which are determined by the amount and rate of combustion of biomass according to [16].


  A =   ∑ i    A i     ( FRP   i  )    



(1)







Early numerical simulation indicated a tendency toward an increase in the FRP fraction with an increase in the flame-front propagation rate [24]. An increase in the specific combustion rate of fuel (kg/m2s) doubles the range of recorded FRP values with a shift of the maximum to 200 MW per pixel, taking into account the subpixel value of the active combustion area. We quantified the dependence of FRP on the fire front rate of spread and the fuel load in the active combustion zone (kg/m2) [24]. Assuming a linear relationship between FRP and consumption, we defined a range of the values of the fraction of biomass consumed during wildfire events.




2.4. Estimation of Fire Emissions of Carbon


The amount of direct carbon emissions was calculated using the Seiler–Crutzen ratio [25]:


C = A × B × CE × β



(2)




where A is area burned by fire (m2); B is biomass density or pre-fire forest fuel load (kg/m2); CE is the carbon fraction of the biomass (g/kg); β is the fraction of biomass consumed during wildfire events.



The burned area (A, m2) was the sum of the burned areas having various categories of intensity using (1). Thus, we calculated the sum of burned areas for each intensity class and fuel type and then estimated the consumption separately for each intensity/fuel type combination. We have calculated the amount of burned biomass using coefficients derived for each of these combinations (2).



We linked every record from the wildfire database to dominant vegetation types available for Siberia from the Vega-service (http://pro-vega.ru/maps/, accessed on 25 March 2021) [21] using the GIS procedure for the intersection of vector layers. Forest type characteristics and pre-fire fuel loads were summarized from field data [1,2,11,12,13,26,27].



Pre-fire fuel loads (B = 1.38–5.4 kg/m2) were obtained from published data [12,27,28]. We used generalized data on surface fuels in forests with a prevalence of larch, pine, dark coniferous, and deciduous stands as the input parameter.



We determined values of β for the three FRP categories based on empirical estimates of fuel consumption during wildfires of various intensities: β was selected as 0.35–0.40 for low FRP, 0.40–0.45 for medium FRP, and 0.45–0.60 for high FRP. We considered also various empirical estimates [1,2,11,12] of forest fuels combusted during wildfires of various intensities: 0.11–0.97 kg/m2, 0.86–2.15 kg/m2, and 2.25–5.36 kg/m2, respectively, for low-, medium-, and high-intensity fires.



In the resulting series of emissions for 2002–2020, we singled out separately years with sporadic maxima, years of minimal emissions, and years of mean ± SD values.



As additional criteria, to separate data of “moderate” and “low” season emissions, we analyzed annual emissions compare to the average values for 2002–2011 (59.5 Tg C/year) and 2012–2020 (115.7 Tg C/year). If emissions were lower than one confidence interval than the average value, the year was classified as the season of minimal emissions.



We derived exponential regression relationships for three types of fire seasons: (1) for the case of a moderate scenario of burning in Siberia, (2) for the case of low burning scenario, and (3) for the case of extreme burning. The resulting equations were used to evaluate trends, calculate average levels of fire emissions and extrapolate the potential increase in emissions by 2050.





3. Results


3.1. Fire Statistics


From 2002–2020 the total number of wildfires in Siberia was > 3 × 105. We have summarized wildfire statistics for 5-year periods (burned area data were available for 2001, but not FRP data). These intervals illustrate the dynamics of wildfires in Siberia over the past two decades (Figure 2, Table 1). While the number of wildfires did not show a trend over this period, the average annual burned areas in the 2011–2020 decade were more than double those from 2001–2010, suggesting a substantial increase in average annual burned areas after 2010. Table 1 contains data on all fires in the database, including forest, tundra, and steppe vegetation zones.



We also evaluated the distribution of fires in Siberia by vegetation cover types for forest and tundra zones. Dark coniferous forest includes spruce, fir, Siberian pine; deciduous forests include birch and aspen; and the category of “other” includes various mixed vegetation types and northern tundra vegetation (Table 2). Table 2 contains data (percentage) on forest and tundra fires only, and the total number and total burned area did not include steppe fire statistics. We used relative fire characteristics to compare the fire regimes in different forest types. Relative burned area (RBA) is the percent of a vegetation type burned annually, and the relative fire frequency (RFF) is the number of annual fire events per 106 ha of forest stands of different species.



Over half of the burned area was in larch-dominated stands, followed by Scots pine stands, while the lowest percentage of the total burned area was in dark coniferous stands, within the interface between taiga and tundra covered by Pinus pumila, and in tundra (Table 2). The larch and Scots pine forests have mixed fire regimes with relatively frequent low to moderate severity surface fires and occasional severe fires where overstory trees experience high mortality. Dark coniferous forests mostly burn in infrequent high-severity stand replacement fire.



Almost 90% of all burned areas in the Siberian forest and tundra regions are in forests dominated by larch, pine, and deciduous tree species. These fires determine the main contributors to carbon emissions, the contribution of fires in dark coniferous forests is significantly lower, and the share of emissions from fires in the tundra (above 67 + N) is still negligible as they comprise <1% of total burned area.




3.2. Ratio of Fire Intensity Areas


The total number of preprocessed fire pixels was ~2.23 × 106, which includes data on 3.1 × 105 wildfires in Siberia recorded for 2002–2020.



FRP for most of the fire pixels (up to 88% of the total) was below 50 MW/km2. The mean value of FRP was 37.4 MW/km2 (at the 95% confidence level), and SD was 17.1 MW/km2. We defined two threshold values to separate fire pixels by FRP/intensity categories, namely 20.3 MW/km2 and 54.5 MW/km2 [24,29].



We classified the proportion of low, medium, and high-intensity fire areas according to the FRP categories. Additionally, we assessed the change in the ratio of these categories across the latitudinal gradient, which is accompanied by a change in the prevailing types of vegetation cover (Table 3).



On average, the ratio of low-, medium- and high-intensity fires in Siberia was 39.7 ± 3.9, 46.2 ± 1.7, and 14.1 ± 2.5%, respectively. Variation in the ratio of fires of different intensities on a latitudinal gradient was primarily related to the redistribution of low and high-intensity fires (Figure 4).




3.3. Direct Carbon Emissions


Our estimate of carbon emissions from wildfires in Siberian forest and tundra was 80 ± 20 Tg C/year. Between 2002 and 2020, direct fire emissions varied from the minimum values of 20–40 Tg C/year (under conditions of low fire danger of 2004, 2005, 2007, 2009, 2010) to maxima of ~350 Tg C/year (in the extraordinary season of 2020). For the last two decades, maximum emissions were estimated for the extreme fire seasons of 2003 (>150 Tg C/year), in 2012 (>220 Tg C/year), in 2019 (~180 Tg C/year). However, the 2020 fire season was extraordinary in terms of fire emissions, which was four times the average value in the 2011–2020 decade (Figure 5).



On average, over 50 percent of emissions were estimated to come from fires in larch forests and 13–14 percent from pine forests. Other forests and tundra combined produced only 7–10 percent of annual emissions (Table 4).



To identify the current trends in carbon emissions from fires in Siberia, we considered separately the extremes only: (1) seasons of sporadic maximum emissions, (2) seasons with minimum emissions, as well as (3) seasons with moderate emissions. We obtained separate regression relationships for these three types of fire seasons (Figure 5).



We used the exponential function C = A0 exp(bYri), where C is emissions, Yri is year number (i = 1…19) in the 2002–2000 period, A0 = 25, 50, and 136 were the initial emission levels for scenarios of minimum, average and maximum burning in Siberia, respectively. The coefficient b was 0.087, 0.07, and 0.05 for scenarios of minimum, average and maximum burning as well and R2 = 0.50–0.99.



Extrapolating from these regressions, for the next several decades, the average level of fire emissions might increase to 250 ± 30 Tg C/year for the case of extreme climate and fire activity, to 65 ± 15 Tg C/year in the case of low fire danger seasons, and to 110 ± 20 Tg C/year in the case of moderate fire seasons. Based on these equations, we also projected that potential emissions from fires in Siberia might range from 1200–1500 Tg C/year by 2050, which corresponds to a rather extreme scenario of IPCC (RPC 8.5) for Siberia [30].





4. Discussion


4.1. Burning in Forests of Siberia


The annual burned area (Table 1) strongly determined the year-to-year variation in estimated carbon emissions (Figure 5) from fires in Siberia [1,14,28]. The current trend of increasing burned area is a significant factor in the carbon emission trend as well. In the context of climate change, prolonged summer droughts, and redistribution of precipitation, fires can develop over large areas [31,32], including a shift to higher fire activity at the northern border of the forest and into the tundra [4,33,34].



Vegetation types of Siberia vary widely in their fire regimes (frequency and severity of fires) as a function of local or regional climate, vegetation composition, and fuel structure. References provided in the Methods section address these patterns. The most widely distributed forest types in Siberia are dominated by larch, including sparse larch stands. Forests dominated by larch cover an area of 270–300 × 106 ha. This is almost 50% of the total forest area in Siberia. In addition, many larch forests have a fire regime dominated by frequent low severity surface fires. Thus, it is not surprising that >43% of the Table observed fire events and 60% of the total burned area were in larch forests.



Relative characteristics such as the relative burned area (RBA, % of a forest type burned annually) and the relative frequency of fires (RFF, events per 106 ha of forest) (Table 2) permit comparison of area burned or the number of fires in stands dominated by different tree species in relation to their total area coverage. RBA is highest in forests dominated by larch (1.10), deciduous tree stands (0.99), and Scots pine (0.97). While the number of fires is highest in deciduous (16.4 events per 106 ha) and pine (16.7 events per 106 ha) forests of Siberia, the average fire size is less than in larch forest. Thus, the larch forests of Siberia are characterized by higher burned areas than other forest types.



Wildfires are the most important driver of forest dynamics in Siberia [4] and throughout the boreal zone [5,28,35], and fire impacts vary significantly in different forest types, which is important in terms of fire emissions. Based on long-term data on wildfires, more than 93% of all burned areas are in forests with a predominance of larch, pine, and deciduous species of Siberia. These fires determine the main contributors to carbon emissions. Fires in the larch forests of the East Siberian plateau taiga region (60–70° N, 100–140° E) provided >60% of direct fire emission. The contribution of fires in dark coniferous forests was significantly lower (up to 3.7% of total), and the share of emissions from fires in the tundra (above 67 + N) is still negligible (<1% of total). This assessment based on satellite data is similar to published data on the Asian part of Russia (east of the Urals) for burned areas in larch forests (up to 50% of the total), dark coniferous (about 5%), light coniferous, and deciduous (18% and 19%, respectively) by other authors for different years and shorter time periods [11,28].



To improve the accuracy of estimates, we categorized levels of fire intensity for individual active fire pixels based on FRP methodic. Previously, the data on FRP for fires in Siberia was verified experimentally. We evaluated FRP in relation to direct ground-based field measurements of emissions from large-scale wildfires in the Yenisei middle taiga subzone of Siberia in 2012 [7]. The relative contribution of emissions from these large-scale wildfires in 2012 to the background concentration of carbon gases (CO2, CH4, CO) in the atmospheric boundary layer was directly measured at a single location, the 300-m ZOTTO tall tower (the Zotino Tall Tower Observatory, https://www.zottoproject.org/, accessed on 25 March 2021).



We calculate that the combustion efficiency CE, which indirectly defines fire intensity, correlated (R2 = 0.49) with data on FRP for large-scale wildfires. The major (up to 70%) contribution of the emission of carbon gases from wildfires occurred during the flaming phase of combustion, and the rest (~30%) was emitted during smoldering of organic matter, which was characterized by lower FRP values [7].



On average, we estimated the ratio of low-, medium- and high-intensity fires in Siberia as 39.7 ± 3.9, 46.2 ± 1.7, and 14.1 ± 2.5%, respectively. Differences in the relative importance of fires of different intensities across a latitudinal gradient were determined primarily by the relative proportions of low and high-intensity fires. The proportion of medium intensity fires did not change significantly with latitude.



Previously, for 2002–2016 we obtained ratio of burned area of low-, moderate-, and high-intensity fires in Siberia as 47.0 ± 13.6%, 42.5 ± 10.5%, and 10.5 ± 6.9% [24,36]. In addition, in previous studies, empirical data indicated that the burned areas corresponded to 22%, 38.5%, and 38.5% for low-, medium-, and high-intensity fires, respectively [11], using different methods for characterizing and classifying fire intensity. By a similar method, using FRP statistics we estimated that high-intensity crown fires comprised 8.5% of the annual burned forest area in Siberia [36].



The data presented here (Table 1) show that the average annual burned areas for the past 10 years were about 2.3 times those for the previous 10 years.



For the 1990–2014 period, the number of wildfire events and annual total burned areas were positively correlated (r ~0.6) with temperature anomalies during the fire season [37]. The precipitation anomalies and standardized precipitation evapotranspiration index (SPEI) were negatively correlated with the number of fires (r = –0.4) and burned area (–0.55) [37]. There were also significant correlations (R2 ~ 0.63–0.70, p < 0.05) between seasonal variation in fire occurrence in 1996–2016 and the hydrothermal coefficient (HTC, see [38] for details) for the Siberian sub-regions [38]. Thus, we suggest that the combination of higher spring and summer air temperatures and lower precipitation are the most likely causes of increased annual burned area in Siberia since 2010.



In addition, we used the most accurate data available on the areas of fires, linking the fire database to recent data on vegetation cover. Coefficients for the Seiler–Crutzen ratio (2) were taken from published results of experimental fires studied in various forest stands in Siberia [1,2,11,12,13,26,27]. In addition, we incorporated measurements of combustion intensities for each detected active zone (active fire pixel) of fire (based on FRP). This approach minimized the uncertainty in the determination of coefficients for Equation (2). Assuming a linear relationship between FRP and consumption, we defined a range of the values of the fraction of biomass consumed during each wildfire event. This assumption was based on results described by Wooster et al., 2005 [16], Ichoku, Kaufman, 2005 [17], and Ponomarev et al., 2019 [24]. We believe that this approach leads to more accurate estimates of fire emissions and has the potential to improve future emission forecasting.




4.2. Carbon Emissions


Total carbon emissions from wildfires of forests and tundra varied considerably from year to year, with the lowest emissions of 20–40 Tg C/year and the highest emissions occurring during 2003 (>150 Tg C), 2012 (>220 Tg C), 2019 (~180 Tg C), and 2020 (~350 Tg C) and a mean of 80 ± 20 Tg C/year between 2002 and 2020.



Emissions that are below average were typical for seasons with low fire activity, such as 2004, 2005, 2007, 2009, 2010. The highest emission values occurred in seasons where there were massive fires in the boreal forest zone of Siberia. There is no active fire suppression in the northern part of this zone, so fires can continue to burn for several weeks resulting in large-scale wildfire events.



Over the past two decades, the season of 2020 was extraordinary in terms of fire emissions (~350 Tg C/year). Unusually high spring temperatures in 2020 set the scene for a potentially severe fire season, especially in areas where these extreme temperatures persisted throughout the summer. Burned area data show that there was an unusual amount of fire activity in the 2020 fire season in northern Siberia (north of 65 degrees). This fire activity was associated with severe spring and summer drought that led to extreme fire behavior and long-duration fires [33,39,40]. Thus, according to our estimates, the emissions in the tundra zone in 2020 were four times higher (3.7 Tg C/year) than the average statistical value for 20 years (0.2–1.0 Tg C/year).



According to our approximation for the next decade, the average level of fire emissions might increase to 250 ± 30 Tg C/year in extreme fire seasons and to 110 ± 20 Tg C/year in moderate fire seasons.



There are few publications that provide quantitative estimates of fire emissions in Siberia. This is due to the large uncertainty of the parameters in calculations of this kind. There have been few direct measurements of emissions from fires in Siberia. Most papers contain expert review assessments [5,10,14,19] or data on measurements carried out for limited experimental fires [2,12]. A number of articles with estimates on emissions for certain periods are presented for comparison in our work [1,11].



Our estimates on fire emissions are in the range of previous assessments for Siberian fires, which were from 116 Tg C/year in 1999 up to >500 Tg C/year in 2002, estimated by Soja et al. (2004) [11] and 135 to 190 Tg C for 1998, estimated by Conard et al. [1].



Our estimates of annual fire emissions are for the boreal forests and tundra of Siberia. The level of emissions can be compared with the data for the boreal forests of Alaska and Canada. For 2002–2006 the average of 80 Tg C/year was estimated for Alaska [41]. Veraverbeke et al., 2015 [42] estimated that average annual emissions from forest fires in Alaska in 2001–2012 were between 17 and 69 Tg C/year, while maxima were recorded up to >100 Tg C/year.



Amiro et al. (2001) [43] estimated that direct fire emissions from Canadian forest fires were 27 ± 6 Tg C/year, while individual years ranged from 3 to 115 Tg C/year in 1959–1999. The estimated average fire-caused direct carbon emissions for Canada were up to 57 Tg C/year in 1990–2012 [44]. As with Siberia, these estimates can vary considerably depending on study methods and assumptions. It is also important to note that none of these papers include data later than 2012.



The distribution of fire emissions at a qualitative level can also be obtained based on remote sensing data. One of the most effective tools for analyzing the spread of fire smoke over long distances is the OMPS Aerosol Index [45]. The data recorded by the OMPS/Suomi NPP (the Suomi National Polar-orbiting Partnership) instrument (https://worldview.earthdata.nasa.gov/, accessed on 13 April 2021) shows smoke plumes transported thousands of kilometers from active fires in Siberia (Figure 6). These materials are important for understanding the propagation of fire emissions. However, quantitative calibration should be provided, which is only possible when processing data on each individual fire event.



Increases in the annual burned area between 1996 in larch forests of central Siberia have been correlated with both temperatures and drought [46]. Thus, under conditions of increased air temperature [37,40], we expect a correlation between fire emissions and climate change. Previously [6] regression models were used for forecasting emissions under two IPCC climate scenarios, based on fire emissions and summer temperatures in Siberia for 2002–2016 for RCP2.6 (average air temperature increase of 0.3–1.7 °C); and for the “harsh” RCP8.5 scenario (temperature increase of 2.6–4.8 °C) [30]. In this case, fire emissions up to 2000 Tg C/year were projected for the RPC 8.5 scenario [6]. In the current paper, we project a range of emissions from 1200–1500 Tg C/year by 2050, which is similar to the results based on the IPCC RPC 8.5 scenario for Siberia. There is little doubt that the rapidly warming climate in Siberia will lead to continued increasing fire activity over the next several decades.



This is a strong indication that we are already observing the effects of extreme climate warming on fire regimes in Siberia. Such large increases in burned areas are the primary reason for increasing carbon emissions from wildfires over the past two decades. We expect these increases to continue into at least the next several decades, although potential future changes in vegetation and fuels may also affect the trajectory [47,48].



We can also expect increased fire in deep peats and organic soils in western and northern Siberia as permafrost thaw accelerates and extremes in spring and summer temperatures become more frequent [39]. The World Weather Attribution Organization concluded that the heatwave of spring and summer 2020 would have been extremely unlikely without climate change [40]. It is too early to conclusively determine whether the 2020 fire season will still seem extreme by 2050 or whether it is truly a harbinger of things to come. However, there are many reasons to expect that rapid increases in emissions from Siberian fires are inevitable under a changing climate.




4.3. Limitations


The limitations of our work were as follows.



Remote assessment of the intensity of fires allows classification of active burning areas (fire pixels) and evaluation of the proportions of fire areas with low, medium, and high intensity. However, fire intensity data may have gaps due to the Terra and Aqua/MODIS data interval of 4–6 h between observations.



In addition, some uncertainty in assessing fire intensity is associated with partial blocking of the radiation signal from the fire by crowns of tree stands during surface fires, which is most important for relatively high tree cover. Differences in fire regimes among vegetation types and differences in canopy blocking of spring surface fires between deciduous and evergreen species can add to this problem. Fires in deep organic soils and peats can also have a significant amount of subsurface smoldering, which is not fully observable from satellite observations of FRP. These questions require further research and calibration [49].



Uncertainty is also present in the data on vegetation types and pre-fire fuel loads, which we have summarized from published field data. The vegetation database that we used does not map partly forested peatlands as a separate type, for example, although these are extensive in areas such as western Siberia. We suggest that data on burned areas are more precise at present than resolution and attributive information of available data on vegetation distribution and fuel characteristics for Siberia.



Vegetation models and some field observations suggest that we can expect shifts in vegetation distribution and fuel load over time as climate or management practices change [47,48]. In this paper, we do not incorporate such potential changes, which would affect fire regimes and emissions.



Our projection of potential fire emissions is an estimate for extreme scenarios. Recalculation of forecast values in relation to fuel loads is a potential for future research.





5. Conclusions


The average annual burned areas for the past 10 years in Siberia were about 2.3 times those for the previous 10 years. This is a strong indication that the warming climate is driving large changes in burned area and carbon emissions and that these increases can be expected to continue in the future. The growth in the number and areas of wildfires in Siberia will determine further increases in carbon emissions. Extrapolation of data for the past two decades suggests a possible ten-fold increase in fire emissions (up to 1500 Tg C/year) by 2050. Fires north of latitude 60°N are likely to contribute the most to emissions growth. Moreover, under conditions of temperature increase and fire activity shifting to the northern regions of Siberia, the contribution to the total emissions from burning in tundra may significantly increase (from <1% of total at present to more than 3%), as occured in the unusually severe fire year of 2020.



As fires increase in size and intensity, we can also expect that air quality in Siberia in summer will be increasingly affected by growing fire emissions.
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Figure 1. Territory of Siberia. Main Siberian forest types (based on http://pro-vega.ru/maps/, accessed on 25 March 2021) [21]. Forest types range from “sparse” (crown closure <20%) to “closed” (>80% crown closure) tree stands. 
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Figure 2. Spatial distribution of wildfires in 2002–2020. Only burned areas >2500 ha are shown. 
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Figure 3. Active burning in Siberia in September of 2020: active wildfires and smoke plumes on Terra/MODIS imagery on 24 September (a) and daily records from wildfire database of active burning detected from 10–24 September 2020 (b). 
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Figure 4. Ratio of fires of low, medium, and high intensities on a latitudinal gradient 50°–70° + N. 
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Figure 5. Annual data on wildfire emissions from fires in Siberia for 2002–2020 and current trends of emission: (1) estimated values and trend for sporadic maximum emissions, (2) estimated values and trend for minimum emissions, and (3) estimated values and trend for emission values without including extremes. 
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Figure 6. Aerosol Index data for Siberia in the summer of 2019 available from the OMPS Nadir-Mapper instrument on the Suomi National Polar-orbiting Partnership (Suomi NPP) satellite: (a) 14 July; (b) 19 July; (c) 24 July; (d) 29 July. 
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Table 1. Wildfire statistics for Siberia for 5-year intervals (mean value ± SD, p < 0.05).
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	Intervals
	Number of Wildfires,

×1000
	Burned Area,

MHa





	2001–2005
	11.18 ± 5.07
	6.32 ± 3.83



	2006–2010
	19.72 ± 3.56
	7.56 ± 2.12



	2011–2015
	17.30 ± 4.30
	15.40 ± 4.09



	2016–2020
	13.72 ± 2.44
	16.06 ± 6.84



	20-year average
	15.48 ± 2.33
	11.34 ± 2.88
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Table 2. The percentage of total (forest and tundra) fire occurrences and burned area and the relative burned area (RBA, %) and the relative frequency of fires (RFF, events per 106 ha of forest) by vegetation cover types. Data averaged for 2002–2020.
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	Dominant Tree Stand
	Area of Tree Stands,

106 ha
	Number of

Wildfires,

% of Total
	RFF,

per 106 ha

Per Year
	Burned Area,

% of Total
	RBA, % of Burned Annually





	Larch (Larix sibirica, L. dahurica, L. , cajanderi)
	~300
	43.1
	8.7
	60.0
	1.10



	Scots pine (Pinus sylvestris)
	95
	26.0
	16.7
	16.9
	0.97



	Deciduous (Populus tremula and Betula spp.)
	77
	20.6
	16.4
	13.2
	0.99



	Dark coniferous stands (Pinus sibirica, Abies sibirica, Picea obovata)
	75
	7.0
	5.6
	6.4
	0.49



	Interface between taiga and tundra (Pinus pumila)
	25
	0.5
	1.2
	3.2
	0.73



	Other types/Tundra
	~180
	2.8
	1.0
	0.3
	0.01
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Table 3. Percent of low-, medium- and high-intensity fire areas on a latitudinal gradient and associated dominant vegetation types.
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Latitude Range, N

	
% of Total Burned Area

	
Dominant Vegetation




	
Low

	
Medium

	
High






	
70+

	
39.3

	
47.1

	
13.6

	
Tundra and bog vegetation




	
65–70

	
33.5

	
47.8

	
18.7

	
Sparse larch, Pinus pumila




	
60–65

	
41.8

	
45.0

	
13.2

	
Larch, Scots pine, mixed forests




	
55–60

	
45.6

	
43.5

	
10.9

	
Scots pine, deciduous, dark coniferous




	
50–55

	
38.5

	
47.7

	
13.8

	
Steppe vegetation, mountain forests, dark coniferous
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Table 4. Estimates of carbon emissions per year (Tg C/year) and per area of forest (Mg C/ha) by vegetation cover types (range for moderate and extreme fire seasons).
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Dominant Vegetation

	
Tg C/year

	
Mg C/ha

	
% of Annual Emission




	
(Min–Max)






	
Larch

	
43.0–52.0

	
15.5–18.8

	
51.6–62.4




	
Pine

	
11.0–12.0

	
16.7–18.0

	
13.2–14.2




	
Deciduous/mixed

	
3.8–5.0

	
13.7–17.5

	
4.5–5.7




	
Dark coniferous

	
1.9–3.1

	
12.7–20.4

	
2.3–3.7




	
Tundra and bog vegetation (of 70 + N)

	
0.2–1.0 *

	
NA

	
0.2–0.8








* Data for 2020 (3.7 Tg C/year) were excluded because it was the only season in the resulting series with more than 5 times of the average (0.58 ± 0.35) emissions for this sub-region of 70 + N. Even in that year, emissions from tundra and peat bog sites were only a little over 1.05 percent of total fire emissions.
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