Were meteorological conditions related to the 2020 Siberia wildfires made more likely by anthropogenic climate change?
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30-word capsule summary 
The meteorological conditions that coincided with extreme wildfires in Siberia during 2020 were up to 80% more likely than a century ago as a result of global warming.
 


Introduction
The summer of 2020 saw Siberia hit by widespread wildfires for a second consecutive year. By September alone, 14 million hectares had been burnt by more than 18,000 individual fires (Witze, 2020). The 2020 fires were responsible for the emission of approximately 350 megatonnes of carbon, more than four times the annual average observed across Siberia during the preceding two decades (Ponomarev et al., 2021). While fire activity is common in Siberia, accounting for between 8.5% and 25% of annual burned area worldwide (Kharuk et al., 2021), it was the dominance of fires at northerly latitudes that made the 2020 event truly exceptional. Fires beyond 65°N typically account for <10% of Siberia’s annual total burned area – their contribution during 2020 exceeded 25%, the largest observed since 2001 (Conard and Ponomarev, 2021), promptly raising concerns about the growing influence of wildfires on permafrost thaw (Kim et al., 2020) and greenhouse gas emissions (Ponomarev et al., 2021).
 
During 2020, spring and summer temperatures were abnormally high across Siberia. At Verkhoyansk in Yakutia (67°33′N 133°23′E), a new record of 38°C was set for the highest daily maximum temperature ever recorded north of the Arctic Circle (WMO, 2020). A comprehensive study conducted by the World Weather Attribution consortium concluded that such intense temperature, spanning such a large area, would have been almost impossible during the first half of 2020 without the influence of human-induced climate change (Ciavarella et al., 2021).
 
While this period of extreme heat was undoubtedly an important factor driving wildfire activity, a specific assessment of the contribution of human-induced climate change should account for other meteorological factors that collectively present fire-conducive conditions. Such an assessment is made challenging by Siberia’s vast geographical extent and varied climatology. Here, we isolate Siberia’s most intense fire episodes during 2020 and quantify the influence of global warming on the meteorological conditions associated with each. The collective analysis of a series of individual events that formed part of a larger phenomenon constitutes a unique aspect of this study. In our analysis of individual fire hotspots, we maintain a consistent spatiotemporal event definition, allowing for comparisons of results at different hotspots.
 
Data and Methods
Throughout the study, fire-conducive meteorological conditions are defined by the Canadian Fire Weather Index (FWI; van Wagner, 1987), a widely-used metric based on relative humidity, surface wind speed, precipitation and temperature to quantify forest fire danger. It forms the basis of global fire weather datasets (Field et al., 2015; Vitolo et al., 2020) and the Global Wildfire Information System. Our study region is defined by the West, East and Northeast Siberian taiga ecoregions (Olson et al., 2001), which collectively constitute an area of 6,700,000 km² and represent some of the most extensive areas of natural forests in the world. The location and intensity (defined by fire radiative power) of fire events during the April-September 2020 fire season were determined using satellite-derived data from the Visible Infrared Imaging Radiometer Suite (Schroeder et al., 2014), made available via the Fire Information for Resource Management System (FIRMS). Historical FWI data for the period 1979-2020 are taken from the global fire danger reanalysis (0.25° resolution; Vitolo et al., 2020) produced by the Copernicus Emergency Management Service for the European Forest Fire Information System. Simulations of historical FWI data for the period 1880-2014 (~0.7° resolution) are taken from the CNRM-CM6-1 general circulation model (Voldoire et al., 2019) developed for the sixth phase of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016). This model is chosen due to (a) the availability of a relatively large (30-member) ensemble, and (b) its capacity to realistically represent extreme FWI statistics across Siberia (Gallo Granizo et al., 2021).
 
We conduct independent attribution analysis at a series of 13 ‘hotspots’ associated with the most intense 2020 fires (see supplementary material for details). The ‘2020-type event’ is defined at each hotspot as the April-September maximum value of 7-day mean FWI (hereafter FWIx7day) occurring within the hotspot’s spatial domain. A statistical method based on a time-dependent Generalised Extreme Value (GEV) distribution, frequently applied to both observational and climate model data in previous work (e.g. Schaller et al., 2014; Eden et al., 2016; van der Wiel et al., 2017; Eden et al., 2018; Otto et al., 2018; Krikken et al., 2021), is used to estimate the change in probability of a 2020-type event as a result of global warming. For each hotspot, a pool of spatial maxima in FWIx7day from all 135 years and all 30 ensemble members are fitted to a GEV distribution in which the location 𝜇 and scale 𝜎 parameters are assumed to scale linearly with 4-year smoothed global mean surface temperature (GMST; GISTEMP Team, 2021; Lenssen et al., 2019). Both the shape 𝜉 parameter and the 𝜎/𝜇 ratio remain constant (Philip et al., 2020).
 
At each hotspot, we evaluate the return time, and hence the probability, of a 2020-type event occurring in a ‘past’ climate of 1880 (p0) and a ‘present’ climate of 2020 (p1). Changes in likelihood of 2020-type events are quantified using the probability ratio (PR) p0/p1. We also calculate the percentage change in FWI magnitude (%MAG) between a 2020-type event and an event of comparable likelihood occurring in 1880. Following evaluation of the model’s representation of extreme FWI statistics, a simple bias correction is used to account for systematic discrepancies between the reanalysis and CNRM-CM6-1 (see supplementary material for details). Confidence intervals (CIs) for each GEV fit, and subsequently for both PR and %MAG, are estimated with a 1,000-sample non-parametric bootstrap.
 
Results
Fires were widespread throughout the study region during April-September 2020 (Figure 1a). The most intense fires occurred in several clusters and generally north of 60°N. The highest-intensity fires were detected throughout the fire season, with a large proportion occurring between mid-June and August (Figure 1b). The individual fire detections at the centre of each hotspot all reside in the upper tail of the fires’ empirical cumulative distribution function (Figure 1c). The 2020 anomalies in FWIx7day were largest in central and northern Siberia, especially to the west of the Verkhoyansk mountains and across the Kolyma lowland (Figure 1d) where a large portion of 2020 FWIx7day values are among the highest 5% of annual maxima observed since 1979 (Figure 1e). At eight of the 13 hotspots, both the probability (PR > 1; Figure 2a-b) and magnitude (%MAG > 0; Figure 2c) of a 2020-type event increased between 1880 and 2020. The likelihood has increased by a factor of 1.1-1.8 corresponding to a change in magnitude of 2-6%; this is significant at the 95% confidence level at five hotspots (Figure 2e-i). Small decreases in both probability and magnitude are found at the remaining five hotspots (Figure 2b-c), of which only hotspot A at the western fringes of the fire-affected area is statistically significant (PR = 0.81; CI range 0.71-0.93; Figure 2d).
 
Positive changes in likelihood are found at the four hotspots (C, H, K and M) residing north of 65°N, where the exceptionality of 2020 fire weather is evidenced by large anomalies (>10 FWI units) amounting to some of the highest of FWIx7day values observed since 1979 (Figure 1d-e). At hotspot C, the likelihood of a 2020-type event is found to have increased by more than 30% (PR = 1.33; CI range of 1.10-1.55; Figure 2e). A change of almost 20% is found at hotspot H, but is not significant at the 95% level. Further east, significant increases in likelihood are found at hotspots K, M and, further south, L (Figure 2g-i). At hotspot K, which represents an area of the Kolyma lowland that witnessed several extreme fires (FWP > 700MW; Figure 1a), a 2020-type event has become almost 80% more likely since 1880 (PR = 1.78; CI range of 1.22-2.58; Figure 2g). Significant, though smaller, increases are found at hotspots L (PR = 1.57; CI range of 1.29-1.1; Figure 2h) and M (PR = 1.15; CI range of 1.02-1.28; Figure 2i). FWI extremes across the eastern region are likely to be linked to episodes of extreme heat across northern Siberia, but further analysis would be required to connect the attribution of FWI maxima at these hotspots to that of the distribution of extreme heat during the first half of 2020 (Ciavarella et al., 2021).
 
Hotspots west of the Verkhoyansk range are not associated with significant increases in likelihood despite being representative of the most intense fire clusters across the central Siberian plateau. At hotspots B and E, which correspond to areas of particularly intense fires and large FWI anomalies during 2020, the likelihood of 2020-type conditions were found to have decreased by approximately 10-20% (not significant at the 95% level). The increase in likelihood of more than 20% (PR = 1.21; CI range 1.03-1.46) at the most southerly hotspot, D, is striking given that it is unlikely to be linked explicitly to the extreme heat in the north (Figure 2f).
 
Conclusions
Our analysis has sought to quantify the role of human-induced climate change on fire meteorological conditions associated with the most intense fire episodes, occurring in Siberia over the 2020 fire season. Previous work has identified the fingerprint of human influence on the extreme heat during the beginning of the year (Ciavarella et al., 2021). To complement such work, we considered the link between long-term global temperature and the meteorological parameters that collectively constitute extreme fire weather. We applied an established statistical method to output from CNRM‐CM6‐1 to quantify the long-term influence of global temperature trends on annual fire weather maxima separately at a series of regions experiencing the most intense fire activity. By averaging the results at different hotspots, we found that fire weather extremes are (a) around 10% more likely across the study region on average, and (b) up to 80% more likely in north-east Siberia, as a result of global warming.
 
The inter-hotspot differences are intriguing and merit further analysis to quantify the factors that contribute toward trends in extreme fire weather in this vast region. More generally, the results highlight the sensitivity of the findings of wildfire attribution analysis to the spatio-temporal characteristics used to define the event, either in terms of the impact (i.e. the fire intensity) or the prevailing meteorology (i.e. FWI). Results are also expected to be sensitive to the choice of general circulation model, which is an important additional source of uncertainty. While our analysis is based on a model that has been shown to realistically represent fire weather across Siberia (Gallo Granizo et al., 2021), further study would benefit from the inclusion of multiple models.
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Figure 1: (a) Locations and intensity of April-September 2020 fires detected by FIRMS. Only detections that meet the FIRMS ‘high-confidence’ criteria are shown. Point size and colour show fire radiative power in megawatts (MW) as an indicator of fire intensity. Siberian ecoregions shown in green. (b) Occurrence (date) and intensity (MW) of April-September 2020 fires. (c) Cumulative distribution function of fire intensity (MW); red pins indicate the individual fires at the centre of each hotspot. (d-e) Maximum 7-day mean FWI during April-September 2020 expressed (d) as an anomaly of the 1979-2019 mean annual maxima, and (e) in terms of its probability of occurrence on the basis of the 1979-2019 distribution. In both (d) and (e), the shaded areas within the dashed circles show the location of the 13 hotspots.
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[bookmark: _heading=h.gjdgxs][bookmark: _heading=h.lkin65spf2lp]Figure 2: (a) Location of 13 fire hotspots and the overall sign change in likelihood of a 2020-type event between 1880 and 2020 (red: increase; blue: decrease; solid lines: significant; dashed lines: not significant). (b) PR calculated at each hotspot; bars show 95% CIs following non-parametric bootstrapping; central value shown in bold. (c) As (b) but for %MAG. (d)-(i) Gumbel plots for significant hotspots, showing the GEV model fit scaled to the smoothed GMST of 1880 (blue) and 2020 (red). Shading represents the 95% CIs. The magenta lines represent the 2020 FWIx7day events, scaled to the model distribution using bias correction. The blue (red) bars represent the 95% CIs for the return period of a 2020-type event in the climate of 1880 (2020).
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