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Abstract: Arctic fires can release large amounts of carbon from permafrost peatlands. Satellite
observations reveal that fires burned approximately 4.7 Mha in 2019 and 2020, accounting for
44% of the total burned area in the Siberian Arctic for the entire 1982-2020 period. The summer
of 2020 was the warmest in four decades, with fires burning an unprecedentedly large area of
carbon-rich soils. We show that factors of fire associated with temperature have increased in
recent decades and identified an exponential relationship between these factors and annual
burned area. Large fires in the Arctic are likely to recur with climatic warming before mid-
century, because the temperature trend is reaching a threshold in which small increases in
temperature are associated with exponential increases in the area burned.

One-Sentence Summary: Near-term climatic warming will result in an exponential increase in
burned area in Arctic carbon-rich soils.
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Main Text: Emissions from Arctic wildfires jeopardize global climate goals (1). The Arctic is
warming rapidly due to a climate change related phenomenon known as “Arctic amplification”
(2); annual mean temperature has already increased more than 2°C compared to the preindustrial
era (3), and is expected to reach 3.3 to 10°C above the 1985-2014 average by 2100 (4). These
increased temperatures result in thawing of permafrost and deterioration of peatlands with
emissions of carbon dioxide and methane (5-7). High-latitude peatlands are expected to become
a net carbon source as the consequence of global warming (8). The release of carbon creates
positive feedback with additional emissions contributing to further warming and thawing with
further peatland degradation and emissions. In this context, the numerous fires identified by
satellite thermal sensors in Eastern Siberia in 2020 (9) raise particular concerns due to the
resulting fire emissions (10).

Wildfires are common in the Arctic and Subarctic (11), but their size, frequency, and intensity
are expected to increase as the climate warms (12). Extreme weather, such as that in 2020 in the
Siberian Arctic (13), is expected to become more severe as Arctic oscillations weaken over time
(14). Previous research in the Alaskan tundra suggests that the annual burned area might be two
times higher than the 1950-2010 period by the end of the century as warmer and drier conditions
coincide more frequently (15). The conditions that affected the Arctic fire seasons of 2019 and
2020 in the Siberian Arctic have provided new empirical observations between climatic factors
and burn extent and may already be indicating the changes in fire regimes expected by the end of
the century. The fire seasons of 2019 and 2020, however, raised two uncertainties. First, whether
the annual burned area above the Arctic Circle was actually increasing. Satellite-derived burned-
area products tend to underestimate the true extent of burning (12) and rigorous validation
techniques are required (16). Second, even if the burned areas in 2019 and 2020 were the largest
yet observed, the links to other trends required evaluation.

We assessed annual burned area in the Siberian Arctic (latitudes >66.5°N) for 1982-2020 using
six satellite-derived maps of burned areas (Fig. S1). We investigated the Siberian Arctic because
it is where most burning occurs above the Arctic Circle and fire frequency appeared to be
increasing (9). We investigated ten factors associated with the likelihood of fire: six climatic
variables (air and surface temperature, total precipitation, wind speed and direction, and vapor-
pressure deficit (VPD)), three variables describing the vegetation conditions (length of the
growing season, mean normalized difference vegetation index (NDV Imean), and climatic water
deficit (CWD)), and the number of ignitions, a direct factor of fires. We evaluated how these
factors have varied over the last four decades and their relationships with satellite-derived
estimates of annual burned areas. Lastly, we investigated the future trends of annual burned area
and fire emissions under future Representative Concentration Pathway (RCP).

Results
Trends of burned area for 1982-2020

Between 1982 and 2020, the satellite burned area products indicate that 12.97 Mha burned in the
circumpolar region (latitudes > 66.5°N). The Siberian Arctic, a region with continuous
permafrost, accounted for 71% of this burned area. The years 2019 and 2020 had the greatest
mapped burned area in Siberia above the Arctic Circle (Fig. 1a) (see Supplementary Text A for
consistency of the time series of the burned area and Fig. S2), which represents 44% of the total
mapped burned area (9.24 Mha) in the region from 1982 to 2020. The burned area mapped in the
Siberian Arctic varied between the satellite products, most notably the MCD64A1 product for
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2019 and 2020 (Fig. 2a). The burned areas for 2020 were 1.71, 2.38, 2.59, and 2.62 Mha for
MCD64A1, C3SBA10, Landsat, and Sentinel-2, respectively.

The sampling-based burned area in 2020, based on an assessment of errors of omission and
commission (16), was nearly 3 Mha (MCD64A1 = 2.83 + 0.26 Mha, C3SBA10 =2.92 £ 0.17
Mha, Landsat = 2.92 £ 0.15 Mha, and Sentinel-2 = 2.99 + 0.14 Mha) (see full assessment of
accuracy in Table S1 and a description of the results in Supplementary Text B). The area
estimate for 2019 and 2020 amounts to approximately 4.7 Mha. The mapped burned area is
lower than the estimated burned area for all four products because the omission errors of the
‘burned’ class (ranging from 15.5% to 53.7%) are higher than the commission errors (ranging
from 3.2% to 23.0%). Our estimates of carbon emissions from burning were 55.3 and 90.4 Tg C
for 2019 and 2020, respectively, which is 156.7 and 256.1 Tg CO2-eq (including CO2 and CHa)
(Fig. S3). Fires in 2020 damaged a wide area (1.01 Mha) of carbon-rich peatlands (organic
carbon storage >20 kg C m™) indicated by a reference map of soil carbon storage (8) (Fig. 1b).
The area of carbon-rich peatlands affected by fires has also recently expanded: 49% of total
burned area occurred in these areas within the last eight years of the record, and 28% occurred in
2020 (Fig. 2b).

Trends of the fire factors for 1982-2020

Various factors that may exacerbate the risk of fire have increased significantly over the last four
decades in the Siberian Arctic (Fig. 3 and Fig. S4). Air temperature, NDVI, the length of the
growing season, and VVPD have steadily risen. The average increase in summer air temperature
was 0.66 °C/decade. In 2019 and 2020, the mean summer air temperature was 11.35 °C and
11.53 °C, which was 2.65 °C and 2.82 °C higher than the 19822020 average, respectively.
CWD, a proxy of plant water stress defined as the difference between potential and actual
evapotranspiration, also increased between 1982 and 2020, although the linear trend likely began
in the 2000s. More surprisingly, however, was the abrupt increase in CWD in 2019 and 2020.
The estimated number of ignitions, total precipitation, and wind speed all had strong interannual
variations, and the slope of their trends was not significantly different to zero.

The annual number of detected ignitions was relatively consistent, with a median of 143, but
high counts were observed in specific years, peaking at 423 in 2020. 72% of these 2020 ignitions
were detected within 20 days, between June 13 and July 3, reaching Siberian Arctic regions as
far north as 72.9° (Fig. S5). Interestingly, these ignitions coincided with anomalously high values
of convective available potential energy (CAPE) (Fig. S6), an indicator of convective storms and
lightning. Between June 13 and July 3, satellite thermal sensors registered a rapid increase in the
number of active fire detections, which accounts for 40.6% of all hotspots detected in 2020. In
contrast, hotspots detected before June 13 represented only 1.1%. Similar peaks in the number of
detected ignitions, preceding high rates of active fire detection, occurred concurrently with high
CAPE values in 2002, 2005, 2013, and 2018.

Sensitivity of the burned area to the fire factors

Linear and exponential regressions were used to analyze the best association between the annual
burned area (aggregated with the median across available satellites for each year) and the factors
of fire regime. An exponential regression was the best regression model (Fig. 4); the annual
burned area increased exponentially when specific thresholds were exceeded. For example, the
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four years with the largest mapped burned areas (2001, 2018, 2019, and 2020) had a mean
summer air temperature >10 °C. The best fit was for CWD, which explained 92% of the
interannual variability in the burned area. Other factors with a high R? were summer air
temperature (87%), VPD (77%), and number of ignitions (83%). The annual burned area was
correlated most weakly with total precipitation (15.1%). We also detrended the fire factors using
the linear regression shown in Fig. 3 before determining the correlation with the annual burned
area to reduce the potential of spurious correlations. The detrended correlations (Fig. S7)
confirmed the high R? for CWD (91%), air temperature (80%), VPD (71%), and number of
ignitions (80%), but the correlations decreased for NDV Imean (from 78 to 11%) and length of
season (from 34 to 7%).

We further examined the potential relationships among the fire-related factors in a SEM (the
rationale of the proposed relationships is described in the Materials and Methods). The
hypothesized causal model outperformed the model validity analysis (p-value>0.05 in the chi-
squared test; details on the covariances and residuals in the model are shown in Table S2). The
SEM supported the role of temperature in controlling other factors that affect the extent of
burning (Fig. 5 and Fig. S8). Temperature showed significant positive relationships with the
lengthening of the growing season (0.66), the vegetation green biomass represented by NDV Imean
(0.60), and atmospheric dryness measured by VPD (0.93). We hypothesized that these
temperature-regulated factors and total precipitation would influence plant water stress,
measured by climatic water deficit, but only VPD showed a significant effect (0.75) for the low
number of observations (n = 20). Despite this, the hypothesized relationships displayed the
expected sign. Temperature and CWD had a positive relationship with the number of detected
ignitions (0.49 and 0.43, respectively). Annual burned area presented a R? of 0.82 and was
directly explained by the number of detected ignitions (0.48) and the CWD (0.46).

Climate factors may differ locally and throughout the fire season. An additional analysis based
on local weather conditions during the burning revealed that ignitions affecting areas larger than
4,000 ha occurred with average hourly maximum temperatures of 28.6 °C (sd = 3.4 °C) and
mean wind direction from the North-East (Fig. S9). 30-day pre-ignition precipitation was 0.37
mm (sd = 0.81 mm), and mean wind speed was 0.96 m s (sd = 0.55 m s%). Ignitions that burn
areas larger than 4,000 ha only represent 10% of all counts, but account for 81% of all burned
areas that were mapped between 2001 and 2020.

Projections of annual burned area and carbon emissions under warming scenarios

Annual burned area in 2018, 2019, and 2020 more than doubled the long-term average, which
was 0.24 Mha for the period 1982-2020 in the Siberian Arctic. Summer 2001, with a mean
temperature nearing 10 °C, was the first year on record to have a mapped burned area over twice
that of the long-term average. The exponential regression between the burned area and
temperature (Fig. 4) indicated that an annual burn of 0.5 Mha occurred at a mean summer
temperature of 10.2 °C. The 10 °C threshold also indicated the rapid growth of the annual burned
area in 2018, 2019, and 2020. This indicates that small increases in summer mean temperature
above the 10 °C threshold tend to be associated with extensive annual burned areas.

The linear trend of mean summer air temperature (Fig. 3) indicated that temperatures would
reach 10.2 °C by 2024 and reach the levels in 2020 by 2045 if mean summer temperatures
continued to increase linearly at the current rate. (Fig. 6a). The RCP 4.5 and 8.5 scenarios also
indicated an increase in temperatures that could substantially expand the burned area in the
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Siberian Arctic; annual burned area could range from 0.5 to 2.5 Mha before the middle of the
century under RCP 4.5 and RCP 8.5 (Fig. 6b). This would result in a mean annual emission of
37.8 (sd = 14.4) Tg C y* and 107.0 (sd = 40.7) Tg CO2-eq y* under RCP 8.5 between 2030 and
2050 (Fig. 6¢), of which 27.6% would come from carbon-rich peatlands (Fig. 6d). Large fires of
the magnitude observed in 2020 (burned area > 2.5 Mha) would become more frequent in the
second half of the century under RCP 8.5, with a return interval lower than 2 years and annual
mean carbon emissions of 135.0 (sd = 69.0) Tg C y* and 382.5 (sd = 195.6) Tg CO2-eq y*
(27.9% from carbon-rich peatlands). Under the RCP 4.5 scenario, annual carbon emissions
would stabilize (51.7 (sd = 18.8) Tg C y!) in the second half of the century, and fires such as
those in 2020 would become less frequent, with a 5-year return interval if carbon emissions
stabilize by mid-century.

Discussion

The Siberian Arctic burned at the highest rates in 2019 and 2020, based on the burning trends
over four decades of satellite data. Burning was seven-fold higher in 2020 than the 1982-2020
average and damaged an unprecedented area of peatlands. We found that temperature-related
factors of fire regime have increased significantly over the last four decades and identified an
exponential relationship between these factors and annual burned area, accounting for the
unprecedented extent of the burns in 2019 and 2020.

The SEM results confirmed the positive association between higher temperatures, longer
growing season and greener vegetation. Higher temperatures account for the earlier snowmelt,
permitting vegetation growth (17) and increased green biomass (18), which increases fuel
availability. This earlier start of the growing season, also reported more widely (19), modifies
water use and availability such that plants may also experience water stress earlier in the season
(20). According to the SEM results, the length of season and increasing green biomass of
vegetation were associated with increased plant water stress, but the association was not
significant, likely due to the limited number of observations.

The increasing vulnerability to drought is exacerbated by extreme heatwaves, as in 2020, which
can potentially desiccate plants and reduce moisture in peat, and thus increase severity of
burning (21). This is reflected by the high influence of atmospheric dryness, measured by VPD,
on plant water stress, represented by CWD, and its high correlation with annual burned area.
Furthermore, CWD encompasses climatic factors, the water balance, and phenological changes
that influence the susceptibility of vegetation to fire, so the interconnection of the fire factors
with CWD may explain why CWD was best correlated with the annual burned area.

Climate warming and extreme weather may also account for the increase in the number of
ignitions for specific years. The year 2020 had record-breaking temperatures and caused drought
conditions early during the growing season (13). Recent warm winters, such as 2020, appear
associated with abnormal circulation patterns that also favor the early spring snow melt and
lower albedo that maintain warm conditions (22). Heatwaves and, more especially, increased
surface temperatures are associated with convective storms and lightning, as confirmed with the
SEM. While lightning remains infrequent at high latitudes, it is expected to increase as the
climate warms (23). Climatic warming thus has a dual effect on fire regimes; warming increases
the susceptibility of vegetation and peatlands to fire and increases the number of lightning-
caused ignitions.
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Increased winter warmth, as seen in 2020, reflects changes in circulation that draw more heat and
moisture from lower latitudes (24). Circulation in Eastern Siberia draws air and moisture from all
directions of the compass (25) and is not immune to the so called circulation “blocking” (26)
seen elsewhere across the continent (27). Nonetheless, most burning occurs during relatively
gentle winds blowing from the North-East, indicating the processes promote flammability may
be distinct from those that promote the subsequent burning.

Our ignition detection method indicated that numerous fires started near simultaneously across a
vast region during a period of atmospheric instability in the 2020 fire season, from which we
speculate that lightning was the main cause of ignition, but local observations are required to
verify this supposition. An alternative, or additional, explanation is that fires emerge from
smoldering material that has persisted through the winter to re-emerge when conditions permit a
broader conflagration (28, 29). We also found that satellite thermal sensors showed that fires
spread quickly after high CAPE values and mid-season ignitions, which suggests that most of the
annual burned area is caused by fires that start during that time.

The link we see between fires and temperature suggests that severe fire years, like 2020, will
become increasingly common and resulting carbon emissions will rise. The magnitude of these
fires and carbon emissions, however, remains uncertain. First, while the frequency of lightning
strikes appears likely to increase as temperatures rise (23), the scale of any resulting fires
depends on specific local weather and vegetation conditions, which remain challenging to
predict. Second, we only considered direct emissions from burning and disregarded indirect
emissions, though these are not necessarily negligible. Burning removes the peat that insulates
permafrost, exposing it to thawing, which promotes soil respiration and the production of carbon
dioxide and methane (30). Estimates from field studies in two different boreal forests in Alaska
suggest that post-fire carbon emissions range from one third to more than double those that occur
during burning (31). Furthermore, permafrost prevents deeper burning in peatlands (21). As
permafrost retreats, high temperatures and drying conditions may favour higher combustion rates
(32). We used combustion rates ranging from 2.0 kg C m for tundra to 3.4 kg C m2 for boreal
forests (31), but dry peatlands can release up to 16.8 kg C m (21), indicating that much higher
emissions are credible.

A previous study proposed temperature and rainfall thresholds for the annual burned areas in the
Alaskan tundra (15). The extensive area burned in 2019 and 2020 corroborated the proposed
curve-growth relationship between annual burned area and climate-related factors for the
Alaskan tundra. Hu et al. (15) forecasted that the annual burned area would double in the
Alaskan tundra by the end of the century. We found, however, that the annual burned area in the
Siberian Arctic already doubled the long-term average in the last three years of the record. This
increase in annual burned area suggests that the Arctic is already experiencing a change in fire
regimes caused by climatic warming. The burned areas in 2019 and 2020 might be exceptional
occurrences, but the recent temperature trend and projected scenarios indicate that temperatures
are reaching a threshold in which small increases above 10 °C can alter fire-related factors and
result in exponentially increasing burned area and associated fire emissions in the next decades.
Forthcoming fires can potentially affect peatlands and deteriorate the permafrost, which in turn
will exacerbate the carbon emissions from carbon-rich soils.
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CC model is available at [https://doi.org/10.24381/cds.a37fecb7]. The storage of organic
carbon from peatlands is available at [https://bolin.su.se/data/hugelius-2020]. Lastly, the
NDVI time series from the GIMMS3g dataset is available at
[https://www.nasa.gov/nex/data], and the NDVI from the MOD13Q1v6 product at
[https://doi.org/10.5067/MODIS/MOD13Q1.006].
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Fig. 1. Maps of burned area for 2001-2020 and peatland carbon storage in the circumpolar
region. (A) the extents of the burns for 2001-2018 are from the FireCCI51 product, and the
extents for 2019 and 2020 are the union of the C3SBA10 product and the Sentinel-2 burned area
map developed in this study. The Siberian Artic is the area inside the blue outline. Black
represents areas that burned at least once for 2001-2018, and red represents areas that burned in
2019 and 2020. Areas that burned at least once in both periods, in 2001-2018 and 2019-2020, are
also depicted in red color; these areas represent only 3% of total burning above the Arctic Circle
during the 2001-2020 period. We show the annual burned area from 2001 to 2020, which is the
period when the occurrence of fires accelerated. (B) Estimated storage of organic carbon in
peatlands from a reference dataset (8).
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(A) Annual burned area in the Siberian Arctic
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2. Annual burned area in the Siberian Arctic and in carbon-rich peatlands for 1982-

2020. (A) Annual burned area in the Siberian Arctic derived from remotely sensed data from six
products. (B) Annual burned area in carbon-rich peatlands; >20 kg C m in storage of organic
carbon obtained from a reference dataset (8). The annual burned area in carbon-rich peatlands
represent the median burned area for the available satellite products. Year 1994 contains no data.
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Fig. 3. Trends of eight fire factors in the Siberian Arctic during 1982-2020. The factors are
the mean summer air and surface temperature, mean vapor-pressure deficit (VPD), total summer
precipitation, mean climatic water deficit (CWD), mean normalized difference vegetation index
(NDVI) depicting vegetation green biomass, the length of the growing season, and the number of
detected ignitions. The red lines are linear regressions; slopes are estimated on a decadal time
scale (*, p<0.05; **, p<0.01).
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Fig. 4. Regression between the annual burned area and eight fire factors in the Siberian
Arctic during 1982-2020. The solid lines are the best regression (linear or exponential) based on
the coefficient of determination (R?; *, p<0.05; **, p<0.01). The best regression model was the
exponential for all the factors. The annual burned area is the median burned area for the available
satellite products. The factors are the mean summer air and surface temperature, mean vapor-
pressure deficit (VPD), total precipitation, mean climatic water deficit (CWD), mean normalized
difference vegetation index (NDVI) depicting green biomass, the start of the growing season,
and the number of ignitions. Red solid lines depict a fit with a significant correlation (p<0.05).
The dashed lines are the 95% prediction limits of the regressions.
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Fig. 5. Causality networks for the association among factors of fire in the Siberian Arctic
for 2001-2020. The variables are categorized as climate-variables in yellow (mean summer
surface temperature, total precipitation, mean vapor-pressure deficit (VPD)), vegetation-
variables in green (mean summer normalized difference vegetation index (NDVI) depicting
green biomass, the length of the growing season, plant water stress measured by mean summer
climatic water deficit (CWD)), and fire-variables in light red (number of detected ignitions and
annual burned area). Factor loadings between variables are shown next to lines (*, p<0.05; **,
p<0.01). The width of the lines depicts the magnitude of the effect and dashed lines represent
non-significant effects. R? is the variance explained for the annual burned area.
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Fig. 6. Projected temperatures, annual burned areas (BA), and emissions from fire in the
Siberian Arctic. (A) Mean summer air temperatures from climate reanalysis (ERA-5 Land)
during 1982-2020, and historical and projected temperatures under the RCP 4.5 and 8.5 scenarios
based on HadGEM2-CC model. (B) Ranges of annual burned areas for the historical period and
under the RCP 4.5 and 8.5 scenarios for the entire Siberian Arctic and only considering carbon-
rich peatlands (organic carbon storage >20 kg C m). The lower and upper thresholds of the
ranges are approximately the annual burned areas in 2001 and 2020, respectively. Projected CO»-
eq emissions under the RCP 4.5 and 8.5 in (C) Siberian Arctic and (D) carbon-rich soils.
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