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Abstract: Wildfires play a critical role in re-shaping boreal ecosystems and climate. It was projected
that, owing to the Arctic amplification, boreal wildfires would become more frequent and severe in
the coming decades. Although provoking concern, the spatiotemporal changes in boreal wildfires
remain unclear, and there are substantial inconsistencies among previous findings. In this study,
we performed a comprehensive analysis to determine the spatiotemporal changes in wildfires over
Northern Eurasia (NEA) from 2003 to 2020 using a reconstructed Moderate Resolution Imaging
Spectroradiometer (MODIS) active fire product. We found that wildfires in NEA exhibited contrasting
changes in different latitudinal zones, land cover types, and seasons from 2003 to 2020. Cropland
wildfires, mainly distributed at low latitudes (50-60°N), considerably decreased by 81% during
the study period. Whereas forest wildfires ignited at high latitudes (north of 60°N) have nearly
tripled (increasing at rate of 11~13% per year) during the past two decades. The southwestern and
northeastern NEA regions exhibited contrasting patterns of wildfire changes. The active fire counts in
the southwestern NEA decreased by 90% at a rate of 0.29(£0.12) x 10° per year, with cropland fires
contributing to ~66% of the decrease. However, the fire counts in the northeastern NEA increased by
292% at a rate of 0.23(£0.12) x 10° per year, with boreal forests contributing to ~97% of the increase.
It is worth noting that the contrasting changes in wildfires during the past two decades have led to
significant structural alternation in the NEA wildfire composition. Forest fires, contributing over
60% of the total fire counts in NEA nowadays, have become the predominant component of the
NEA wildfires. The contrasting changes in NEA wildfires imply that more forest fires may emerge in
far northern regions of the North Hemisphere as the Arctic becomes progressively warmer in the
coming decades. As wildfires continue to increase, more gases and aerosols would be released to the
atmosphere and cause considerable feedback to the Arctic climate. The increased wildfire-related
climate feedbacks should, therefore, be seriously considered in climate models and projections.
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1. Introduction

Boreal ecosystems are the largest terrestrial organic carbon reservoir, containing ap-
proximately 2-5 times the aboveground biomass of tropical and temperate forests [1],
and even higher belowground permafrost carbon storage [2]. Wildfires are the predom-
inant driving forces of disturbances in boreal landscapes [3], playing an important role
in re-shaping boreal ecosystems by altering vegetation composition, structures, and re-
silience [4-6]. Large-scale wildfires can also profoundly influence the boreal climate system
by changing the carbon budgets of both the aboveground biomass [7-9] and belowground
permafrost [2,10,11], and by releasing gases and aerosols that disturb atmospheric stabil-
ity [12-15]. Owing to their potentially massive and widespread impacts, boreal wildfires
have attracted increasing concerns in recent years.

Northern Eurasia (NEA) presents widely distributed taiga forest and tundra in the
boreal ecosystem, facilitating the emergence of severe wildfires. The enhanced warming
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and drying climate [16-18], potentially increasing lighting activities [2,19], and growing
fuel availability from the greening boreal forest and tundra [20-22], have been suggested to
increase wildfire risks in NEA over the past decades [23]. The wildfire risk in NEA is pro-
jected to continually increase in the future under all types of climate-forcing scenarios [24].
Such warming-induced increases in NEA wildfires would produce substantial feedbacks in
Arctic ecosystems and climate [24-27]. Given the importance of wildfires in shaping boreal
ecosystems, it is critical to determine the changes in NEA wildfires to understand future
ecosystem and climatic changes throughout the Arctic.

In recent years, satellite observation products have been used to determine the changes
in wildfires in the NEA. However, there is still a considerable lack in understanding of
the active fire variability. Major inconsistencies are present among different studies. Some
studies have suggested that, driven by increased human activity (i.e., agricultural expansion
and increased grazing), burned areas in NEA decreased dramatically over the past two
decades [28-30]. For example, Andela et al., highlighted that the declining fire activity
driven by agricultural expansion and intensification was very common in the cropland
zones in the south of NEA [28]; Hao et al. suggested that the increased grazing combined
wetter climate has reduced the wildfires in NEA [29,30]. These reports are not consistent
with the expected increasing wildfire risk in this region. Other studies have argued that the
wildfires in NEA increased dramatically over the past decades [31-33]. Ponomarev et al.
found that both the number of forest fires and the size of the burned area increased during
recent decades in Siberia [33]. Kharuk et al., found that the warming climate has not only
resulted in significant increasing trends in wildfires, but also led to northward migrating of
the Siberia wildfires to the Arctic Ocean shore [31,32]. In addition, recent wildfires in the
Arctic have revived concerns related to the potential for increased numbers of wildfires
in the future [34-36]. Thus, it is necessary to comprehensively determine the changes in
the number of wildfires in NEA and reconcile the differences among these findings of
previous studies.

In this study, we systematically analyzed spatiotemporal changes in wildfires in NEA
from 2003 to 2020 using a reconstructed Moderate Resolution Imaging Spectroradiometer
(MODIS) active fire product. With the assistance of land cover product, we determined the
wildfires changes in different latitudinal zones, land cover types, and seasons from 2003 to
2020. Two typical sub-regions were further extracted and compared in detailed wildfire
changes during the past two decades.

2. Materials and Methods
2.1. Study Area

As shown in Figure 1, the study area of NEA in this work refers to the boreal conti-
nental areas of Eurasia located at high latitudes of the northern hemisphere (from 10°W to
180°E, 50°N to the coast of the Arctic Ocean). The NEA presents extensive taiga forests, with
a continuously distributed tundra steppe zone on the northern fringe, and some discrete
dry steppes and meadows over the southern area. There are also some fractions of shrub-
lands distributed in western Siberia. Croplands are mainly distributed at the southwestern
part of NEA. Most of the population of NEA mainly lives in Europe and the agricultural
areas over southwestern Siberia. A vast area of eastern NEA is inaccessible and sparsely
populated, which strongly limits the ability and efficiency of wildfire suppression [37]. Both
satellite observed and atmospheric reanalysis land surface temperature products show that
NEA was experiencing distinctive warming at rate of 2.5-2.8 times the global average in
the past two decades, with the warming rates in some sub-regions even reaching over 2 °C
per decade [38].
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Figure 1. The study area and spatial distribution of land cover types of NEA. The land cover dataset
was collected from the European Space Agency Climate Change Initiative Land Cover project and
introduced in detail at the following section.

2.2. Data
2.2.1. MODIS Active Fire Product

The Collection 6 MODIS 14A1 daily active fire (thermal anomaly) product, which
is onboard the Terra (MOD) and Aqua (MYD) satellite platforms from 2003 to 2020, was
used in this study [39]. Active fire detection accuracy in the MODIS Collection 6 product
was improved significantly, by addressing the limitations in previous collection products,
including false alarms caused by small forest clearings and large fire omissions masked
by thick smoke [40]. The MODIS 14A1 product provided a 1 km gridded active fire mask
detected by the MODIS instruments on the Terra and Aqua satellites. The fire mask scientific
data set (SDS) was stored as a three-dimensional matrix of 8 bit unsigned integer values,
and was the key component of the active fire product that identifies thermal anomalies,
with a composite day/night algorithm. The MODIS 14A1 active fire product had been
validated using high spatial resolution satellite observations and agency records, and had a
high success rate for detecting large-scale biomass burning events [41-43].
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2.2.2. Land Cover Product

To analyze wildfire changes on different land cover types, we obtained the global
land cover maps from the European Space Agency Climate Change Initiative Land Cover
(ESA CCI-LC) project [44]. The ESA CCI-LC dataset, produced with a series of satellite
observations, is a global land cover product with 300 m spatial resolution, and available
at https://www.esa-landcover-cci.org/ (accessed on 1 August 2022). The ESA CCI-LC
v2.0.7 land cover map of 2015 was used in this study. The pixel-level land cover class of
ESA CCI-LC was defined based on the UN Land Cover Classification System (LCCS). The
ESA CCI-LC is a popular product that has been extensively validated with high resolution
satellite observations and surface investigations, and is regarded with higher accuracy
among datasets with similar resolution [45-47]. To analyze the changes in NEA wildfires at
different vegetation ecosystems, the original vegetated land cover types were reclassified to
four major types: forest, cropland, grassland, and shrubland, to represent the four different
typical terrestrial ecosystems (Figure 1).

2.3. Method
2.3.1. Dual-Platform Synthesis of Daily Active Fire Points

As the MODIS daily active fire product retrieved by either the Terra or Aqua satellite
platforms can only capture the instantaneous land surface state and serious omission issues
with respect to ongoing biomass burning [38], this product is not feasible for directly
analyzing large-scale wildfires. Synthesizing the active fire products from both platforms
can reduce omission issues related to active fire detection that result from smoke/cloud
masking, as well as addressing the instantaneous nature of single-platform observations.
We developed a dual-platform composition scheme to synthesize the fire mask SDS from
the MOD14A1 (Terra) and MYD14A1 (Aqua) datasets. A simple but effective maximum
composition algorithm (MCA) was designed, as shown in Formula (1). The MCA method
can cover most potential situations and recodes the fire mask values with the highest
confidence at each pixel.

Fonea(x,y) = maX(Fmod(xr]/)rmed(x/y)) @
where Fy,4(x,y) and Fyy4(x, y) are the fire mask values of a given pixel from the MOD14A1
and MYD14A1 products, respectively, and F,,.;(x, y) is the MODIS dual-platform combined
dataset. The composite daily active fire mask dataset in the sinusoidal equal-area projection
was then aggregated to obtain monthly active fire counts on a 1 km grid, and was further
re-projected to the geographic coordinate system and aggregated using a 1° spatial grid.

2.3.2. Characterization of Spatiotemporal Changes in Wildfires

To determine the long-term changes in the spatiotemporally aggregated fire counts,
we performed linear regression analyses to estimate the annual and long-term changes
in fire counts during the study period. The 95% confidence intervals of the linear trends
were calculated and used as uncertainties. The significance test conducted in this study
was based on the standard two-tailed Student’s t test. To depict pixel-level wildfire changes
in NEA, we further used the Mann-Kendell test model to determine the changes in total
active fire counts on a 1° spatial resolution grid.

3. Results
3.1. Wildfire Climatology Analysis

Using the daily active fire datasets from the two MODIS platforms (MOD and MYD)
and the dual-platform fusion dataset, we obtained the seasonal cycle of wildfires in NEA
(Figure 2).

The dual-platform synthesis method dramatically reduced the omission problems
present in the single satellite platform data. Compared to the mean fire counts from a
single platform, the fire detection ability was improved by 73 & 15% using the combined
daily active fire dataset. The dual-platform synthesis method could help to more accurately
determine seasonal and long-term wildfire variations in NEA. The results shown in Figure 2
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demonstrated that wildfires varied seasonally, with a typical bimodal pattern. Most of the
fires occurred during the spring and summer, accounting for ~43% and ~46% of the annual
fire counts, respectively. These bimodal seasonal variations implied that these fires ignited
in different locations in NEA.
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Figure 2. Seasonal cycle of multi-year mean daily active fire counts in Northern Eurasia (NEA).
Colored lines represent the daily fire counts from single satellites (blue-MOD, green-MYD), the
average of both datasets (black-MXD), and the combined dataset (red-MCD).
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Using the combined MODIS active fire dataset, we further calculated and mapped the
multi-year mean fire counts from 2003 to 2020 on a 1° grid to obtain the spatial distribu-
tion of wildfire climatology in the study area. The spatial distributions of NEA wildfire
climatology during the spring, summer, autumn, and the entire year are shown in Figure 3.

In general, wildfire occurrence in this study area exhibited contrasting latitudinal and
seasonal patterns. Most of the annually cumulative active fires were distributed at lower
latitudes (50-60°N) and peaked at ~53°N. In northern areas (above 60°N), the dense active
fires were mainly located in eastern Siberia (Figure 3a). Seasonally, severe wildfires south of
60°N occurred mainly in the spring and were associated with the dry weather caused by a
prolonged lack of rain and high fuel availability that resulted from dry branches, leaves, and
other natural fuels, which accumulated due to the prevailing windy weather [48]. However,
during the summer months, severe wildfires spread northward to high latitude zones
and peaked at ~65°N. Most of the severe summer fires were located in eastern Siberia,
unlike the scattered distribution of fires throughout northern Europe. These summer
wildfires at high latitudes may have produced considerable local or remote impacts on
the Arctic climate [14,49]. In the autumn, the wildfires were mainly located in southern
Europe and western Siberia, which were covered by widespread temperate grasslands
and cropland [48]. The observed seasonal and latitudinal contrasts in active fire patterns
indicated that these variations were driven by different mechanisms in different locations.
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Figure 3. Observed multi-year mean active fire counts in NEA from 2003 to 2020. Panel (a—d) show
the spatial distribution of multi-year mean active fire counts for annual (a), spring (b), summer (c),
and autumn (d), respectively.

Given the importance of fuel availability in controlling the severity of boreal wild-
fires, we separated the NEA wildfires based on four land cover types (forest, grassland,
shrubland, and cropland) and analyzed their latitudinal and seasonal variations (Figure 4).
Figure 4a illustrates that the wildfires in NEA were ignited mainly in forests and croplands,
contributing to 55% and 32% of the annual fire counts, respectively. Cropland fires were
mainly located at lower latitudes (50-60°N), which is consistent with previous findings that
large fires in Central Asia were caused mainly by agricultural activity [49,50]. Although for-
est fires were distributed in all latitudinal zones, higher latitudes contained more biomass
burning events. This suggested that forest fires contributed to over 79% of the total fire
counts occurring north of 60°N. Seasonally (Figure 4b), cropland forest fires dominated
(90%) the spring wildfire counts in NEA. During the summer, wildfires in NEA mainly
occurred in boreal forests, accounting for 73% of the total fire counts. These frequently
occurring summer boreal forest wildfires were likely associated with severe convective
weather (i.e., thunderstorms) during this season [2,19].

3.2. Decadal Wildfire Changes in NEA

In order to explore the spatiotemporal changes in wildfires in the study area dur-
ing the past two decades, we divided the study period into two epochs (P1: 2003-2011,
P2: 2012-2020), generated maps of the multi-year average fire counts, and calculated the
statistical changes in fire counts between the epochs. (Figure 5 and Table 1).
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Figure 4. Zonal (a) and seasonal (b) variations in wildfire climatology on different land cover types
in NEA.
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Figure 5. Multi-year mean active fire counts in NEA for 2003-2011 (P1) and 2012-2020 (P2). Panel
(a,b) show the spatial patterns of multi-year mean fire count in NEA during the two epochs.

Overall, the active fire counts decreased by ~16% to 9.42(4-2.55) x 10° during the

past two decades. However, the inter-decadal changes in wildfire counts contained con-

siderable spatial heterogeneity. During 20032011 (Figure 5a), most of the intense fires

were concentrated at lower latitudes (south of 60°N), while the high latitudes were only

sporadically dotted with some small fires. However, during 2012-2020, high intensity

fire pixels disappeared at low latitudes and more fire points appeared at high latitudes.
In eastern Siberia, numerous intense fire spots spread to far northern areas within the
Arctic Circle.

The detailed decadal wildfire changes in NEA were analyzed further (Table 1). The

data suggested that cropland fires decreased significantly both latitudinally and seasonally
during 2003-2020. Compared to 2003-2011, fire counts on cropland decreased by ~50%
during 2012-2020 (varying from 40% to 65% in different latitudinal zones and seasons).
Forest wildfires exhibited contrasting zonal and seasonal changes during the past two
decades. Similar to the cropland fires, low latitude forest fires also decreased (but not
significantly) during 2012-2020. However, the number of forest fires at high latitudes (north
of 60°N) increased dramatically (Figure 5). Compared to 2003-2011, forest fire counts
doubled (increasing by ~118%) from 60 to 65°N, and tripled (increasing by ~241%) north
of 65°N during 2012-2020. This increase occurred mainly in the summer. Grassland fires
at low and high latitudes also exhibited contrasting changes, with significant decreases of



Remote Sens. 2022, 14, 4180

8 of 15

45% at 50-55°N and 63% at 55-60°N, and a significant increase of 175% north of 65°N. The
significant decrease in grassland fires occurred mainly during the spring and autumn.

Table 1. Decadal changes of fire counts in different land cover types, latitudinal zones, and seasons
during the two epochs.

Land Cover Variable P1 (+£std.) P2 (+£std.) AP (P2 — P1) Relat1v§
Change (%)

>55°N 0.87 (0.28) 0.39 (0.14) —0.49 —55.68%
Cropland 55-50°N 3.44 (0.98) 1.83 (0.50) —1.61 —46.85%
Oa0%) Spring 2.54 (0.88) 1.53 (0.47) —1.01 —39.69%
Summer 0.75 (0.33) 0.32 (0.06) —0.43 —57.58%
Autumn 1.02 (0.57) 0.36 (0.18) —0.66 —64.99%
>65°N 0.31 (0.36) 1.05 (1.01) 0.74 241.22%
65-60°N 0.97 (0.52) 2.12 (0.91) 1.14 117.62%
Forest 60-55°N 1.76 (0.79) 1.54 (0.69) —0.22 —12.24%
(x109) 55-50°N 2.11 (2.10) 1.29 (0.69) —0.82 —38.83%
Spring 2.54 (1.67) 1.28 (0.42) ~1.26 —49.54%

Summer 2.28 (1.27) 431 (1.59) 2.03 88.89%

Autumn 0.33 (0.17) 0.41 (0.32) 0.08 25.44%

>65°N 0.08 (0.02) 0.22 (0.12) 0.14 174.53%
65-60°N 0.06 (0.09) 0.02 (0.03) —0.03 —57.80%
Grassland 60-55°N 0.15 (0.06) 0.06 (0.04) —0.10 —63.10%
(X10) 55-50°N 0.81 (0.31) 0.44 (0.14) —0.36 —45.09%
Spring 0.49 (0.18) 0.29 (0.10) —0.20 —40.30%

Summer 0.34 (0.15) 0.36 (0.12) 0.01 3.18%
Autumn 0.27 (0.16) 0.10 (0.04) —0.17 —63.25%

>65°N 0.47 (0.40) 0.58 (0.46) 0.11 23.81%
65-60°N 4.24 (1.69) 2.46 (3.10) -178 —42.06%

60-55°N 0.30 (0.16) 0.33 (0.69) 0.03 9.03%

Sh(r:?éi;‘d 55-50°N 0.11 (0.08) 0.14 (0.26) 0.03 30.11%
Spring 0.80 (0.41) 0.24 (0.13) —0.56 —70.44%
Summer 3.74 (1.49) 3.13 (3.83) —0.61 ~16.19%
Autumn 0.56 (0.33) 0.12 (0.07) —0.44 —78.08%

Values in brackets indicate standard deviations. Bold values are significant at the 0.05 level.

3.3. Long-Term Wildfire Trends in NEA

The long-term fire count trend is critical for understanding the changing characteristics
of wildfires in the NEA. Using the Mann-Kendall test method, we determined and mapped
the pixel-level non-parametric trends of fire counts from 2003 to 2020. Figure 6 shows
the pixel-level Z scores of the Mann-Kendall tests on aggregated annual and seasonal fire
counts from 2003 to 2020. The percentages of pixels with over 90% confidence levels on
different land cover types were also calculated (shown on the right in Figure 6).

Opverall, the satellite observations illustrate that wildfires in NEA changed in a differen-
tiated spatial pattern over the past 20 years (Figure 6a). Decreases in wildfires accounted for
85% of the areas with significant statistical trends, and only 15% had significant increasing
trends. Most of the significant wildfire decreases occurred in the southwestern part of NEA,
with 40% in croplands and 32% in boreal forests. This significant decrease in cropland fires
is somewhat consistent with previous findings stating that increased anthropogenic activity
led to a dramatic decline in burned areas in this region during the past two decades [28-30].
The decrease in cropland fires were significant throughout all fire seasons (Figure 6b—d).
The dramatic reduction in forest fires also made a considerable contribution to the over-
all decrease in wildfires throughout the southwestern NEA. The significant decrease in
forest fires mainly occurred during the spring and early summer (Figure 6b,c). However,
widespread areas of the northeastern NEA exhibited significant increase in fire counts,
which were concentrated on the Central Siberia Plateau and extended northward to the
Arctic Ocean. Forest fires play a predominant role in the increasing number of wildfires
in the southwestern NEA, and contribute 72% of the total area with significant increasing
trends throughout the entire NEA. Increased wildfire counts in boreal forests mainly oc-
curred during the summer and early autumn (Figure 6¢,d). The significant increase in fire



Remote Sens. 2022, 14, 4180

9of 15

70°NA
60°N{

S0°N-

70°N1”

60°N{ ©

50°N

T0°N1

60°N

S0°N

* 80°N-

* 80°N-

- 80°N-

counts in far northern Siberia indicate that wildfires shifted northward during the past two
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Figure 6. Spatial distributions of annual (a), spring (b), summer (c), and autumn (d) non-parametric
statistical trends in fire count from 2003 to 2020. Pixels marked with black dots indicate trends with
90% confidence levels. Percentages of pixels with 90% confidence levels are shown on the right.

The detailed time series and linear changes in NEA wildfires in different land cover
types, latitudinal zones, and seasons were further analyzed, and shown in Figure 7 and
Table 2. The long-term changes in NEA fire counts agreed with the results of decadal
wildfire changes, suggesting that cropland fires decreased significantly at rate of 4.52% per
year (3.93-5.33% in different zones or seasons) during 2003 to 2020. In compassion to that in
the early 21st century (mean fire counts from 2003 to 2005), the cropland wildfires in NEA
decreased by 81%. Further, the reductions in cropland fires during the spring and autumn
were crucial for the total decrease in NEA wildfires. The spatially contrasting changes
in NEA wildfires can be attributed mainly to the opposing forest fire trends in different
latitudinal zones and seasons. The statistical results demonstrated that forest fires over
north of 60°N increased by 200% at significant rates of over 10% per year, but decreased
steadily at lower latitudes (50-60°N). The forest fires also exhibited contrasting changes
during the spring and summer. In comparison to that in the early 21st century, the NEA
forest fire decreased by 84% in spring, but increased by 122% in summer during 2003 to
2020. Similar to boreal forests, grassland fires also showed significant contrasting spatial
changes at high and low latitudes and seasonal changes during the spring and summer.
It is worth noting that the contrasting changes in wildfires during the past two decades
have led to significant structural adjustments in NEA wildfire composition. As shown in
Figure 7a, in the early 21st century, forest fires and cropland fires contributed almost as
such (~40%) to the NEA wildfires. Whereas in the recent years, forest fires, contributing
over 60% of the total fire counts, have become the predominant component of the NEA
wildfires. Cropland fires only account for about 20% of the total fire counts in NEA.
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Figure 7. Time series and linear trends of NEA fire counts ignited on different land covers from 2003
to 2020. Panel (a) is the total annual fire counts; (b—d) are the fire counts occurred in spring, summer,

and autumn, respectively.

Table 2. Statistical linear trends of fire counts in different land cover types, latitudinal zones, and
seasons during 2003 to 2020.

Land Variable Baseline Linear Trend Linear Change Relative
Cover (2003-2005) (per Year) (2003-2020) Trend (%)
>55°N 0.78 (0.14) —0.04 (0.03) —0.72 (0.54) —5.13%
55-50°N 3.86 (0.22) —0.16 (0.07) —2.88 (1.26) —4.15%
Cropland Spring 2.29 (0.65) —0.09 (0.07) —1.62 (1.26) —3.93%
(x10%) Summer 0.75 (0.29) —0.04 (0.03) —0.72 (0.54) —5.33%
Autumn 1.60 (0.61) —0.07 (0.04) —1.26 (0.72) —4.38%
Annual 4.65 (0.27) —0.21 (0.09) —3.78 (1.62) —4.52%
>65°N 0.62 (0.47) 0.08 (0.07) 1.44 (1.26) 12.90%
65-60°N 0.89 (0.53) 0.10 (0.07) 1.80 (1.26) 11.24%
60-55°N 1.37 (0.54) —0.02 (0.08) —0.36 (1.44) —1.46%
Forest 55-50°N 3.06 (3.29) —0.13 (0.15) —2.34 (2.70) —4.25%
(x10%) Spring 3.00 (2.55) —0.14 (0.12) —2.52 (2.16) —4.67%
Summer 2.51 (2.01) 0.17 (0.16) 3.06 (2.70) 6.77%
Autumn 0.43 (0.17) 0.01 (0.03) 0.18 (0.54) 2.33%
Annual 5.94 (4.68) 0.03 (0.25) 0.54 (4.5) 0.51%
>65°N 0.09 (0.02) 0.01 (0.008) 0.18 (0.14) 11.11%
65-60°N 0.06 (0.06) —0.001 (0.007) —0.02 (0.13) —1.67%
60-55°N 0.13 (0.03) —0.009 (0.006) —0.16 (0.10) —6.92%
Grassland 55-50°N 1.00 (0.40) —0.04 (0.02) —0.72 (0.36) —4.00%
(x10°) Spring 0.54 (0.25) —0.02 (0.01) —0.36 (0.18) —3.70%
Summer 0.32(0.06) 0.004 (0.014) 0.07 (0.25) 1.25%
Autumn 0.42 (0.19) —0.02 (0.01) —0.36 (0.18) —4.76%
Annual 1.27 (0.45) —0.03 (0.02) —0.54 (0.36) —2.36%
>65°N 0.55 (0.38) 0.0005 (0.04) 0.01 (0.72) 0.09%
65-60°N 6.07 (0.84) —0.31(0.22) —5.58 (3.96) —5.11%
60-55°N 0.40 (0.09) —0.02 (0.05) —0.36 (0.90) —5.00%
Shrubland 55-50°N 0.18 (0.11) —0.006 (0.02) —0.11 (0.36) —3.33%
(x10%) Spring 1.26 (0.33) —0.06 (0.03) —1.08 (0.54) —4.76%
Summer 5.11 (0.69) —0.23 (0.27) —4.14 (4.86) —4.50%
Autumn 0.81 (0.35) —0.05 (0.02) —0.90 (0.36) —6.17%
Annual 7.19 (1.16) —0.03 (0.02) —0.54 (0.36) —0.42%

Values in brackets show standard deviations and 95% confidence intervals.

0.05 level.

Bold values are significant at the
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3.4. Contrasting Changes in Wildfires in Two Specific Sub-Regions

Based on the spatial distribution of wildfire changes, the southwestern (50-60°N,
35-95°E) and northeastern (55-70°N, 95-155°E) NEA were selected as representative re-
gions to explore their contrasting statistical changes (Figure 8 and Table 3). The statistical
results demonstrate that the fire counts in the southwestern NEA decreased by ~90% from
2003 to 2020 at a significant rate of —0.29(0.12) x 10° per year, and with significant
negative linear trends for all seasons and land cover types. Cropland fires contributed
over 66% of the total fire count decreases with an arboreal proportion of ~32% in the south-
western NEA. In addition, nearly half of the decreased wildfire counts occurred during
the spring. Whereas in northeastern NEA, fire counts increased significantly at a rate of
0.23(£0.12) x 10° per year, which means in compassion to that in the early 21st century
(1.40 x 10°, mean fire counts from 2003 to 2005), about 292% more fire counts were newly
ignited from 2003 to 2020. And the newly ignited wildfires mainly occurred in boreal
forests, which contributed ~97% of the total increased fire counts in northeastern NEA.
This increased number of wildfires may have led to serious environmental, ecological, and
atmospheric consequences in NEA [2,8,10,51-53].

Northeast NEA
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Figure 8. Statistical variations in wildfire counts in the southwestern and northeastern NEA.
(a) Locations of the two sub-regions. (b,d) inter-annual variations in active fire counts in south-
western NEA for different seasors and land cover types, respectively; (c,e) Inter-annual variations in
active fire counts in northeastern NEA for different seasons and land cover types, respectively.
Table 3. Proportions of land cover types and changes in fire counts in southwestern and
northeastern NEA.
Sub-Region Cropland (%) Shrubland (%) Grassland (%) Forest (%)
Land cover 0.16 1.03 3.86 91.82
Northeastern NEA Fire change 2.38 0.18 0.30 96.63
Land cover 32.26 4.29 11.78 44.63
Southwestern NEA gy change 66.19 0.60 13.01 19.65
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4. Discussion

The contrasting changes in NEA wildfires during the past two decades have led to
considerable structural alternation in the wildfire composition in the Arctic. Cropland
fire counts in NEA decreased by 81% during 2003 to 2020, which in turn resulted in the
reduction of the proportion of cropland wildfire in NEA from ~40% in early 21st century to
less than 20% in recent years. But meanwhile, more forest fires have begun to emerge in
the far north area of Eurasia, the fire counts in northeastern NEA even increased by ~292%
during 2003 to 2020. As a result, forest fires have become the predominant component of
the NEA wildfires recently, contributing over 60% of the total fire counts. The contrasting
changes in NEA fire counts also indicated that wildfires in Eurasia were shifting northward,
which is consistent with the simulated increase of wildfire risk in the Arctic [23].

These findings also demonstrated that human-driven wildfires in boreal ecosystems
decreased dramatically, which was conductive to reduce carbon and aerosol emissions in
NEA. However, the increased forest fires in the far north would release large amounts of
extra emissions to the atmosphere. These emissions might be further transported to the
Arctic Ocean and cause considerable feedbacks to Arctic climate [8,14,49,52-54]. It has been
suggested that Arctic amplification may promote a more favorable environment for wild-
fires [16-18], increase the fuel availability [20,21], and lead to more ignition activity [2,19]
in the Arctic Circle. This implies that the number of wildfires in the Arctic would continue
to increase in the coming decades. Thus, increasing wildfire-derived feedbacks to Arctic
climate should be seriously considered in climate models and projections.

Regarding the driving forces of the contrasting changes in NEA wildfires, there are
series of potential factors refers to wildfire-bearing environment, fuel availability and
ignition sources, play certain roles in the variation of wildfires. Based on the recent studies,
the dramatical decrease in cropland fires over the southwest NEA is high likely related
to the increased anthropogenic activities (such as agricultural expansion and increased
grazing) during the past two decades [28-30]. But the distinctive increase and northward
shifting of the forest fires in the sparsely populated east Siberia are more likely to be related
to anomalies of natural forces. Although there is no direct evidence yet, the enhanced
warming and drying climate [16-18,38], potentially increasing lighting activities [2,19,55,56],
and growing fuel availability [20-22], are all underlying important driving forces of the
observed increase of forest wildfires in northeast NEA. More observational and simulated
in-depth studies are needed to uncover the predominant driving forces of this phenomenon.

5. Conclusions

Wildfires play a predominant role in disturbing and reshaping the boreal ecosystem
and climate system by altering the vegetation coverage, carbon budget and atmospheric
stability. It was suggested that, driven by the enhanced warming and drying climate,
the potentially increasing lighting activities, and the growing fuel availability, wildfire
risks in NEA have dramatically increased over the past decades, and was projected to
continually increase in the coming decades under all kinds of climate-forcing scenarios.
Given the potentially considerable and widespread impacts, boreal wildfires have become
an increasing concern to the science community in recent years. Although some efforts
have been taken to uncover the changes in wildfires over NEA, there are still significant
inconsistencies existing in understanding of these issues among different studies. Thus, it’s
necessary to perform a comprehensive study to determine the factual changes in wildfires
in NEA, and reconcile the differences among different studies.

In this study, we systematically determined the spatiotemporal changes in wild-
fire counts in NEA from 2003 to 2020 using a reconstructed MODIS active fire product.
We found that wildfires in NEA changed with contrasting modes for different latitudes,
land cover types, and seasons. The main results of this our analysis can be summarized
as follows:

(1) Wildfires ignited on cropland at low latitudes (50-60°N), considerably decreased by
81% from 2003 to 2020. Whereas forest wildfires ignited at high latitudes (north
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of 60°N) have nearly tripled (increasing at rate of 11~13% per year) during the
study period.

(2) Two specific sub-regions, the southwestern and northeastern NEA, were further
selected and analyzed to determine the detailed contrasting changes in fire counts
throughout NEA. The fire counts in southwestern NEA decreased by approximately
90% at a significant rate of —0.29(£0.12) x 10° per year, of which over 66% were
cropland fires. However, the fire counts in northeastern NEA increased significantly
at a rate of 0.23(£0.12) x 10° per year, of which ~97% occurred in boreal forests. In
compassion to that in the early 21st century, nearly three times (~292%) more fire
counts were newly ignited in northeastern NEA during the past two decades.

(3) Asaresult, the wildfire structure in NEA changed fundamentally. With a proportion of
over 60%, forest fires have become the leading component in NEA wildfires in recent
years. The structural alternation of NEA wildfires may have profound implications
on the Arctic ecosystem and climate.
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