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Over the past two decades, the escalating emissions of greenhouse gases from boreal wildfires in the Northern Hemisphere have drawn significant attention, underscoring an unprecedented wildfire season in 2021. Our calculations indicate that between 2002 and 2020, wildfires in Russia released approximately 726 ± 280 Tg CO2eqv yr−1. This aligns closely with similar estimates derived from remote sensing data, far surpassing the earlier approximations found in the Russian National Inventory Report (NIR) by a factor of 2 to 3. Notably, in 2021 alone, Russia’s wildfires emitted an exceptionally high amount of 1,700 Tg CO2eqv, exceeding the carbon emissions from the country’s fossil fuel consumption. Consequently, this situation led to an almost complete counterbalance of carbon assimilation by Russian forests. Our analysis attributes over 50% of the variation in wildfire frequency between 2002 and 2021 to shifts in the Arctic Oscillation (AO). This suggests a potential for utilizing AO as a predictive variable for wildfires. It’s noteworthy that the AO itself is influenced by the sustained regression of Arctic sea-ice. From this, it can be inferred that in the foreseeable future, Russian forests might undergo a transition from their role as carbon sinks to the potential net contributors of carbon to the atmosphere.
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Introduction

In the last two decades, predicting Siberian boreal forest wildfires has become tougher due to their rapid expansion, large scale, and varying occurrence (Natole et al., 2021). Some forest fires have grown so big, exceeding 10 thousand hectares, that they are termed “mega-fires” (Stephens et al., 2014; Linley et al., 2022). Historically, these fires were mainly in boreal forests below the Arctic Circle (Hu et al., 2015). But lately, like during 2019–2021, there’s been an extraordinary increase in Arctic wildfires across tundra and forest tundra biomes (Romanov et al., 2022b).

Understanding Siberian wildfires, including the mega-fires predating satellite technology, remains limited. Despite historical fire frequency uncertainties, all evidence underscores the robust association between wildfires and climate change (Glückler et al., 2021; Novenko et al., 2022a,b; Higuera et al., 2023). Notably, Siberia experienced more wildfires during the Medieval Warm Period compared to the Little Ice Age (Novenko et al., 2022a). Numerous studies establish correlations between anthropogenic greenhouse gas emissions, climate warming, heightened fire occurrence, and ensuing emissions (Kumar et al., 2020; McCarty et al., 2020; Burrell et al., 2022). This article employs a satellite-based approach to estimate carbon dioxide and methane emissions from Russian wildfires, linking them to Northern Hemisphere atmospheric circulation indices. This climatological perspective on wildfires aims to unravel potential connections between NH wildfires and global warming, while also predicting their future trajectory.



Methodology and data

In our study, we utilized a wildfire model driven by satellite imagery of burned areas and remote-sensing evaluations of forest productivity (Giglio et al., 2006, 2016). This model calculates combustion byproducts including CO, CO2, and CH4. We applied this model to analyze wildfires in Russia and the Northern Hemisphere spanning the years 2002–2021. Specifically, we employed the algorithm and data provided by the Global Fire Emissions Database version 4.1 (GFED4.1), with detailed computation procedures outlined in the GFED4 online manual.1 Notably, this algorithm offers a higher-resolution assessment of small fires compared to the approach used, for example, by Romanov et al. (2022a,b) and Van Der Werf et al. (2017). Furthermore, it diverges from the work of Romanov et al. (2022a) in terms of coefficients used to convert biomass into emissions.

To better understand the potential connection between wildfire emissions and weather patterns, we collected monthly data for three key atmospheric circulation indexes in high latitudes: the North Atlantic Oscillation (NAO), Arctic Oscillation (AO), and Arctic Dipole Anomaly (ADA). These indexes are based on principal components derived from the leading empirical orthogonal function of sea-level pressure anomalies across the North Atlantic and Arctic regions (Hurrell and Deser, 2010; Molteni et al., 2011). Together, NAO and AO account for the majority of the seasonal and interannual variability in high-latitude atmospheric circulations within the Northern Hemisphere (NH). Our dataset includes monthly numerical values for NAO, AO, and ADA covering 2002–2021, sourced from the National Weather Service’s Climate Prediction Center (NOAA, 2023). With a relatively concise record of wildfire emissions in the Northern Hemisphere and Russia from 2002 to 2021, and comprehensive emissions integration, we utilized simple linear regression to explore potential statistical links between annual emissions and atmospheric circulation indexes.

Lastly, we incorporated monthly satellite data concerning the extent of Arctic sea-ice (Fogt et al., 2022). Several studies have demonstrated a strong correlation between the Arctic sea-ice extent and atmospheric circulation indexes (Zhang et al., 2008). Therefore, it holds the potential to serve as a predictive variable for changes in AO, NAO, and ADA.



Results

Our estimate of carbon dioxide emissions from wildfires within the Russian Federation are depicted in the supplement (Supplementary Figure 1). For comparison purposes, we have included estimates by Romanov et al. (2022a), as well as estimates of CO2 wildfire emissions from the official Russian National Inventory Report (Russian Federation, 2021). The results from Romanov and colleagues correlate strongly with our findings (r2 = 0.7, p < 0.01), while the estimates from the Russian NIR exhibit no substantial correlations with either our results or those of Romanov et al. (2022a). Furthermore, our calculations and those of Romanov et al. (2022a) indicate emissions approximately 2–3 times higher than the NIR data (Supplementary Figure 1).

In addition to carbon dioxide, we assessed methane emissions expressed as CO2 equivalent (CO2eqv) alongside carbon dioxide emissions from wildfires (Figure 1). Calculations of methane and carbon dioxide emissions as CO2eqv were conducted for two values of CH4 Global Warming Potential (GWP) according to Myhre et al. (2013): 87 (20-year time horizon) and 37 (100-year time horizon). These GWP values encompass climate-carbon feedback effects and methane oxidation. Given the substantial year-to-year variations in wildfire emissions over the last two decades, the use of a 20-year time horizon is pivotal for comprehending the complete impact of wildfires on the greenhouse effect and climate warming.
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FIGURE 1
 Russia’s atmospheric carbon emissions from burning of fossil fuels (black line), and from wildfires as estimated in this study (red lines). The dots represent preliminary estimates of carbon emissions by the Russian Federation in 2020 and 2021. Red solid line with green markers represents carbon dioxide emissions only. The solid red line with black represents total CH4 and CO2 emissions expressed as CO2eqv for methane’s GWP time horizons of 100 years and the red line thin blue markers, 20 years.


The same Figure 1 illustrates industrial CO2 emissions resulting from fossil fuel combustion in Russia (NIR 2021). As of now, data for NIR in 2020 and 2021 are unavailable. Hence, we relied on the 2020 Global Carbon Project’s estimate for Russia’s total carbon emissions from fossil fuel combustion and cement production (depicted as a solid black dot) (Friedlingstein et al., 2021). The open circle in the graph denotes estimated emissions for 2021 (Knight et al., 2021).

Based on our estimates, carbon dioxide emissions from wildfires in Russia’s atmosphere reached 1,270 Tg CO2 in 2021, accounting for approximately 50% of carbon dioxide emissions from the Northern Hemisphere (Figure 1). Our maximum projection for total atmospheric greenhouse gas (GHG) emissions from wildfires in 2021, expressed as carbon dioxide equivalents (CO2eqv) using a 20-year time horizon for methane’s GWP, was 1,700 Tg of CO2eqv. This surpasses the typical carbon emissions from Russia’s fossil fuel combustion during the 2002–2021 period (Figure 1).

The remarkably elevated GHG emissions from wildfires in the Russian Federation and across the entire Northern Hemisphere in 2021 (Yurganov and Rakitin, 2022) warrant further investigation. Thus, we scrutinized our CO2eqv emission estimates from Russian wildfires and NH wildfires in relation to high-latitude atmospheric circulation indexes. Among the three indexes (NAO, AO, ADA), only the AO demonstrated close correlations with annual emissions resulting from wildfires. To be specific, the AO index for March exhibited a significant, direct correlation with emissions from all wildfires in the Northern Hemisphere, including Russia (r2 = 0.21, p < 0.01). This relationship can be attributed to lower spring precipitation in East Siberia, resulting in diminished spring soil moisture that favors fire-prone weather conditions. At the same time, our observations reveal that in years characterized by notably high emissions during summer months —such as 2003, 2012, and 2021—the Arctic Oscillation (AO) index shows a distinct trend of recording significantly elevated values, especially in June and July. These elevated values are indicative of robustly intensified fire-prone weather conditions. Consequently, we aggregated AO indexes for March with those for June and July and compared this composite (MJJ) index with annual emissions.

We determined that the MJJ index accounts for about 50% (p < 0.01) of the interannual variability in CO2eqv emissions from Russian fires and about 55% (p < 0.01) of the variability in emissions from all NH wildfires (Figure 2). However, this strong linear correlation between the interannual variability of emissions from wildfires and the AO index could be attributed to positive temporal trends in both variables (Figure 1; Supplementary Figure 2). Consequently, we removed the linear trends from the AO index and CO2eqv emission records and subsequently recalculated the linear regression.
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FIGURE 2
 A regression between total annual carbon dioxide equivalent (CO2eqv) emissions from wildfires in the Northern Hemisphere (blue line) and the composite Arctic Oscillation index—an aggregation of AO indexes for the months of March, June, and July (MJJ). The red line represents the regression specifically between NH carbon dioxide emissions (no methane) and MJJ index.


For the entire NH, the R2 value decreased only marginally from 0.55 (Figure 2) to 0.47. As a result, we have deduced that our composite AO index (MJJ) clarifies roughly 50% of the interannual fluctuations in NH wildfire emissions. It’s important to note that this does not imply that the remaining 50% of emission variability is unrelated to climate or weather fluctuations. Here, we solely considered climatic indexes that portray variability on a hemispheric scale. It’s conceivable that at a local or mesoscale level, other connections between local wildfires and weather variables (e.g., vapor pressure deficit, soil moisture, wind speed, seasonal precipitation) exist (Natole et al., 2021). However, this kind of analysis falls beyond the purview of this study.

The historical record of Arctic sea-ice extent (Supplementary Figure 2) exhibited significant yet somewhat modest correlations with greenhouse gas (GHG) emissions. The most noteworthy outcomes were observed between NH GHG emissions and the rank of annual sea-ice extent of the previous year. However, this connection was notably weaker than the linkage between AO indexes of the same year and GHG emissions for both Russian forests and the entire NH (Figure 2).



Discussion

In a positive AO phase, the Polar Vortex gathers strength, which escalates the transfer of atmospheric air along latitudes. Conversely, negative AO values are associated with the weakening of the Polar Vortex, resulting in diminished zonal circulation, the wavering of the Polar Front, and the accumulation of high pressure over the central-northern regions of North America. This index notably clarifies the converse interannual variations in Western and Eastern Siberian wildfires. To be precise, according to Zhu et al. (2021), the positive AO phase is tied to heightened summer precipitation in Western Siberia and reduced precipitation in Eastern Siberia. This discrepancy can be attributed to the augmented transport of moist air from the North Atlantic over Europe and Western Siberia during the positive AO phase. This inflow of moisture to the Western Siberia leads to increased precipitation and the suppression of wildfires. However, as this air travels further to Eastern Siberia, it loses significant amount of moisture. Hence, the temporal trends in Western and Eastern Siberian wildfires diverge (Zhu et al., 2021).

Based on our estimations, the net outcome of this dipole behavior exhibited by Siberian wildfires was a rise in overall GHG emissions. This effect can be rationalized by the East Siberian Forest area (Alekseev et al., 2019), which is experiences fire-prone weather during positive AO phase, being over ten times larger than that of West Siberia, which experiences wetter weather during AO positive phase.

In North America, conducive conditions for wildfires prevail in the central regions during the negative AO phase, while the positive phase induces fire-favorable conditions over the Alaska, the Pacific Northwest, and the northeastern parts of Canada and the US. These areas encompass over 60% of all North American boreal forests (Wulder et al., 2007). Consequently, considering Eurasia and North America together, we conclude that positive AO phases lead to decreased precipitation and higher temperatures over most of the boreal forests in the NH. This elucidates the strong correlation found in this study between positive AO phases and annual GHG emissions from wildfires, as presented in CO2eqv (Figure 2).

Yet, a lingering question remains concerning the future trajectory of wildfires and AO trends. Regrettably, our current understanding of future AO trends remains limited.

Some studies, however, have proposed that the positive trends in the AO observed over recent decades, or elements of AO circulation such as the appearance of summer anticyclones over East Siberia, are linked to the vanishing sea ice in the Arctic Ocean (Wang and Ikeda, 2000; Liu et al., 2004; Zhang et al., 2008). These connections possess a clear physical basis. As the Arctic Ocean warms, it diminishes the coverage of sea ice, creating open water expanses between the shore and floating ice. Elevated Arctic Ocean SSTs decrease ocean-continent temperature difference, reduce atmospheric stability, giving rise to negative atmospheric vorticity or cyclonic movement, thereby strengthening the Polar Vortex and increasing the AO index.

The unusual summer weather marked by anticyclones over East Siberia becomes more recurrent due to the northward shift of the polar jet, driven by the earlier mentioned Arctic Ocean warming, the intensification of the Polar Vortex, and the premature melting of seasonal snow and ice cover (Scholten et al., 2022). Additionally, there’s a lag between sea ice decline and positive NAO/AO phases (Caian et al., 2018). All of this indicates that the connection between sea ice and AO/NAO could be harnessed as a prospective multi-year forecasting mechanism for future AO trends (Caian et al., 2018). The alterations in fire weather patterns over the Western US have already been linked to declining Arctic sea ice (Zou et al., 2021).

Our endeavor to establish a direct correlation between sea ice extent (expressed as year ranking, Supplementary Figure 2) and the GHG emissions from wildfires in Russia and the entire NH led to the identification of a statistically significant yet relatively weak correlation (r2 = 0.20 to 0.25, p < 0.05) between preceding years of ice ranks and wildfire occurrences. This likely reflects the fact that the connection between sea ice decline and the intensity of GHG emissions is mediated by alterations in atmospheric circulation such as AO variability. Consequently, the direct and not lagged linkage between the AO index and GHG emissions displayed a stronger regression (Figure 2). This implies that despite the dampening of fire-prone weather in certain locations, such as Western Europe, the overall effect of an increase in the AO is positive, leading to heightened wildfire emissions.

Another mechanism tied to the escalation of the AO index that contributes to the formation of fire-prone weather involves the creation of blocking anticyclones. A noteworthy portion—around 40%—of the year-to-year variability in the burnt area of Siberian wildfires has been attributed to atmospheric blocking or the emergence of summer anticyclones over East Siberia (Mokhov et al., 2020). These, associated with positive AO phase, anticyclones obstruct the entry of moist air through typical summer wave cyclones, which can result in the more frequent occurrence of hot and dry summers within this boreal forest region. Changes in the overall frequency of atmospheric blocking occurrences contribute to approximately 40% of the year-to-year fluctuations in greenhouse gas (GHG), carbon monoxide (CO), and emissions of small aerosol particles stemming from Russian wildfires (Mokhov et al., 2020). It’s noteworthy that the Mokhov and colleagues’ study (2020) was conducted prior to the extraordinary wildfires of 2021 and therefore does not encompass this specific year of potentially record-breaking biomass burning. Concurrently, evidence points to August 2021 being one of the hottest months in the past 46 years, were characterized by persistent and robust anticyclonic conditions (Tomshin and Solovyev, 2022).

Hence, the record GHG emissions from wildfires estimated in our study for 2021 are consistent with the exceptionally high composite AO index (MJJ) and the extended period of anticyclonic blocking over East Siberia. Worth noting is the fact that 2020 was ranked second in terms of the minimum extent of September Sea ice in the Arctic Ocean, measuring about 3.8 million km2 (Fogt et al., 2022). As mentioned earlier, sea ice extent leads AO changes on about 1 year, which aligns with the anomalously high GHG emissions from NH wildfires in the 2021 season (Figure 1).

There is substantial confidence in the projection that the early-autumn Arctic will become virtually ice-free by 2050 (e.g., Budyko, 1969; Masson-Delmotte et al., 2021). Following this trend in Arctic sea-ice, we should anticipate a sustained positive trend in the AO and, consequently, further increases in wildfires and GHG emissions. Moreover, an in-depth analysis of the representation of winter and summer atmospheric blocking in the Northern Hemisphere in the two most recent IPCC reports (CMIP5 and CMIP6) involving global simulations of future climate revealed negligible changes or even declines in blocking, except for East Siberia where blocking is projected to become more frequent (Mokhov and Timazhev, 2015; Davini and D’Andrea, 2020).

This prediction carries significant implications for the terrestrial carbon budget and atmospheric CO2 levels. Presently, Russian forests act as a net carbon sink (Schepaschenko et al., 2021; Romanov et al., 2022a). The exceptionally high wildfire emissions observed in the 2021 season are undoubtedly an anomaly (Figures 1, 2). However, considering the possibility that the 2021 annual GHG emissions from wildfires could become the new norm, the implications for the net carbon balance of Russian forests are considerable. A linear trend analysis of recent AO changes indicates that 2021 AO values, expressed as MJJ index, could become the new normal by 2050–2070 (Supplementary Figure 2).

In 2021, the wildfires in the Russian Federation emitted approximately 1,700 Tg of carbon dioxide equivalent (Figure 1). Over the 2015–2020 period, Russian forests exhibited an annual carbon absorption of 330 ± 37 Mt, equivalent to about 1,200 ± 136 Tg of carbon dioxide (Romanov et al., 2022a), a figure consistent with some other recent studies (e.g., Schepaschenko et al., 2021). We can now contrast these estimates with the extraordinary 2021 fire emissions. In the study conducted by Romanov et al. (2022a), the 2015–2020 average annual wildfire emissions were estimated at 642 Tg of carbon dioxide. If all other conditions, including forest harvesting, remained constant in 2021 as the average during the 2015–2020 period, we can substitute the 642 Tg of average fire emissions for 2015–2020 with the 1,700 Tg of carbon dioxide equivalent emitted by wildfires in 2021. This calculation yields a net carbon uptake of only 140 Tg of carbon dioxide. The accuracy of calculations of the net forest carbon dioxide uptake is about plus-minus 136 Tg, which is very close to calculated above 140 Tg CO2 of net carbon sink into Russian forests in 2021. Therefore, this estimate is not statistically different from the zero. It would be safe to say, that 2021 was the year of nearly zero sink of carbon into forest biomass.

The warming of the Arctic is expected to continue beyond the mid-21st century (IPCC, 2021). Considering this, we can conclude that the worst regarding wildfires may not have been witnessed yet. This assessment implies that within the coming decades, Russian forests might shift from being a net carbon sink to a zero sink, like in 2021, or even a source of greenhouse gases.
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