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Abstract: Extreme forest fires have historically been a significant concern in Canada, the Russian
Federation, the USA, and now pose an increasing threat in boreal Europe. This paper deals with
application of the wildFire cLimate impacts and Adaptation Model (FLAM) in boreal forests. FLAM
operates on a daily time step and utilizes mechanistic algorithms to quantify the impact of climate,
human activities, and fuel availability on wildfire probabilities, frequencies, and burned areas. In our
paper, we calibrate the model using historical remote sensing data and explore future projections
of burned areas under different climate change scenarios. The study consists of the following
steps: (i) analysis of the historical burned areas over 2001-2020; (ii) analysis of temperature and
precipitation changes in the future projections as compared to the historical period; (iii) analysis
of the future burned areas projected by FLAM and driven by climate change scenarios until the
year 2100; (iv) simulation of adaptation options under the worst-case scenario. The modeling results
show an increase in burned areas under all Representative Concentration Pathway (RCP) scenarios.
Maintaining current temperatures (RCP 2.6) will still result in an increase in burned area (total and
forest), but in the worst-case scenario (RCP 8.5), projected burned forest area will more than triple
by 2100. Based on FLAM calibration, we identify hotspots for wildland fires in the boreal forest
and suggest adaptation options such as increasing suppression efficiency at the hotspots. We model
two scenarios of improved reaction times—stopping a fire within 4 days and within 24 h—which
could reduce average burned forest areas by 48.6% and 79.2%, respectively, compared to projected
burned areas without adaptation from 2021-2099.

Keywords: wildfire modeling; climate change impacts; boreal forest; adaptation options

1. Introduction

The boreal ecozone forms a circumpolar belt across northern Eurasia and North
America. It primarily spans eight countries: Canada (27.5 percent), China, Finland, Japan,
Norway, Russia (60 percent), Sweden (1.5 percent), and the United States (3.7 percent), and
is the world’s largest land biome consisting of forested and partially forested ecosystems [1].
Boreal forests are diverse hubs of biodiversity, and they thrive and provide for populations
around the globe despite harsh conditions, such as short growing seasons and severe
winters [2]. However, they face worsening conditions fueled by climate change and
serve as a harbinger of threats to come for lower-latitude forests [3]. Global warming-
induced changes to conditions in the boreal ecozone, namely rising temperatures, melting
permafrost, and changing precipitation patterns, promote a fire-friendly environment.
There is a knowledge gap as to how climate-driven conditions may alter wildfire dynamics
by the end of the century, where the effects may be the largest, and where to focus adaptation
and mitigation efforts [4].
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As one of the most important natural disturbances of forest ecosystems, wildfires
have a major impact on forest resources and ecological succession [5-8]. A general review
of wildfire studies was carried out by [9], which highlighted the increasingly important
role of climate change on the frequency and impact of extreme events such as wildfires
in boreal forests and on their functions, and discussed potential adaptation options, such
as silvicultural approaches, prescribed burning, and fire response. A forest fire-focused
review by Li et al. corroborated that the increase in fire frequency and impact in the boreal
region is resulting from climate change, and that innovative research is needed to continue
addressing these changes [10]. Although a higher number of fires have been recorded in
the tropics or temperate zone than the boreal zone per the European Space Agency’s (ESA)
MODIS FireCCI51 product [11,12], the issue of boreal fires is one of global concern due to
their role in the global carbon cycle [13]. In light of recent catastrophic fire seasons across
the boreal zone, including Canada [14], Sweden [15], and Siberia [16], there is a strong need
to address this gap in the realm of wildfire research.

The growth and decomposition processes of trees in high-latitude regions are relatively
slow due to cold climates and short growing seasons, resulting in large stocks of dead
wood and soil carbon and potential disturbance feedback effects on CO, [17-19]. Typically,
boreal fires account for about 10 percent of global fire-related carbon dioxide emissions.
Studies highlighting the contribution of boreal wildfires to global carbon dioxide emissions
include [13,20,21].

In 2021, however, boreal fires accounted for nearly 25 percent of fire-related carbon
dioxide emissions. Atypical water deficits in both North America and Eurasia [22], as
well as high temperatures, resulted in fire-conducive conditions and contributed to the
devastating fires that year. Over the last five decades, Arctic temperatures have risen
three times faster than elsewhere on earth [23], with wildfires contributing indirectly to
the rise in temperatures through increased emissions [10]. There are few to no scenarios
which show an improvement in boreal climatic conditions as they pertain to fire-conducive
conditions. Rather, overwhelmingly, climate projections predict continued warming and
changes to precipitation patterns in a manner which will promote wildfire occurrence
and spread [24]. These changes are evident in the Siberian Taiga [25] and are projected to
intensify in Canada under climate change [26]. Severe fire weather conditions are projected
in central Russian and western Canadian boreal forests towards the end of this century [27].
It is therefore reasonable to expect boreal forests to become even more susceptible to
devastating wildfires, barring human intervention.

One method with which to address this threat is through the modeling of historic
boreal forest fires and projection of future risks under various climate change and man-
agement scenarios. Modeling aids in the identification of areas with a high probability
of fire (hotspots); provides an ability to assess the vulnerability of boreal forests to fire,
guide mitigation and management strategies, and optimize possible interventions; and
is an important step for the Arctic in estimating the hydrocarbon budget [28]. Accurate
modeling of boreal fires will allow policy-makers, government agencies, land managers,
and other stakeholders to make informed decisions and act accordingly.

Global fire models tend to underestimate fire areas, especially the large-scale fires we
have witnessed in recent years [29]. This could be attributed to the quickly changing and
extreme conditions. There are a number of methods with which researchers are attempting
to resolve this discrepancy, from utilization of machine learning methods to changing model
structures [19]. In this study, we apply the wildfire climate impacts and adaptation model
(FLAM) to the boreal zone. Using a process-based parameterization algorithm [30] coupled
with Fine Fuel Moisture Code (FFMC) computation [31], FLAM utilizes both ignition
probability and suppression efficiency to predict burned area. The ability to calibrate for
low suppression efficiency, versus setting a set parameter value, allows FLAM to capture
the full extent of wildfires in diverse conditions. FLAM has been successfully applied in
Europe [32,33], South Korea [34], and Indonesia [35], among other locations.
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Meteorological modeling and wildfire risk assessment, including the use of remote
sensing and satellite imagery, have advanced significantly [36-38]. In order to understand
and address the growing threat of large-scale wildfires in boreal forests and the boreal
zone as a whole, as well as to contribute to the research on wildfires in the boreal zone,
we applied FLAM in this region using the most recently available remote sensing data.
One of the most reliable and widely used products is the Moderate Resolution Imaging
Spectroradiometer (MODIS) [11,12,39-41], which has been playing an essential role in
fire detection for more than a decade and remains an invaluable tool for scientists and
decision-makers [42—45]. This paper provides an overview of recent and current boreal
climate and burned area conditions; an analysis and comparison of burned area projections
under four Representative Concentration Pathway (RCP) scenarios [46]; and a possible
adaptation option to reduce burned area under RCP 8.5, an extreme scenario with the
highest impact on climate and burned area by the end of the century [47]. We establish
baseline understanding for wildfire dynamics in the boreal zone and set the stage for future
research on this topic.

2. Materials and Methods
2.1. Study Area

The boreal zone can be divided into eight land cover classes: forests, forest mosaic
(mosaic of forests and herbaceous vegetation), shrublands, grasslands, mosaic (mosaic of
forests, grass-, and shrublands), croplands, lichens and moss, and sparse vegetation [11].
These are filled with diverse ecosystems, ranging from barren, arctic heathlands areas
under year-round snow or ice cover and dense, forest covered peatlands, to dry grasslands
and shrublands [48]. The boreal zone crosses eight countries (Figure 1), meaning the
management and use of forests within this ecozone are highly varied [1]. The spatial and
temporal patterns of ignitions also differ, which affects the rate of spread and the potential
for fire suppression [49]. In Alaska, for example, lightning is the cause of the majority of
fires [50], while in Siberia, most fires are the result of human actions [51].
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Figure 1. A map of the boreal zone as defined by the International Boreal Forest Association.
Source: [52]. Authors’ representation.
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Boreal forests are defined as high-latitude forests which experience freezing tempera-
tures for six to eight months per year, and reach heights and canopy cover of five meters
and ten percent, respectively. They represent 30 percent of global forests, of which nearly
one-third is underlain by permafrost. They are composed primarily of coniferous species
(pine, spruce, and fir) and secondarily of broadleaf species (namely, poplar and birch) [2],
which is a result of short growing seasons and low mean temperatures [1]. Boreal forests
offer critical services at all spatial scales, from food and medicine for indigenous and local
communities, to paper, lumber, and a massive carbon store for global populations.

2.2. Climate Change Scenarios

The main drivers of wildfires include vegetation, climate, and human activity [53]. Hot,
dry conditions promote a fire-prone environment in both fire-resilient and fire-susceptible
ecosystems (or, ecosystems adapted to regular fire events and ecosystems which do not
normally experience fire events, respectively) [24,53,54]. Changes in average annual tem-
perature and annual precipitation are therefore of great interest when considering wildfire
probability and burned areas in the future.

The focus of this study was to analyze the impact of these changes in climatic condi-
tions on wildfires. Specifically, we looked at how projected temperature and precipitation
influence projected wildfire occurrence and burned area. To achieve this, we conducted our
study as a type of “what if” baseline scenario; what if all conditions remained the same,
and the only variables to change were climatic (temperature and precipitation)? We as-
sumed all non-climatic variable values mirrored those of recent or current conditions, with
the exception of temperature and precipitation. While lightning is an important weather
variable to consider in regards to wildfire ignition, especially under climate change, the
scope of this study did not encompass the complexities associated with accurate long-term
lightning trend modeling [55], especially considering the focus on multiple climate change
and adaptation scenarios utilized.

Due to our focus on weather and climate, we did not couple our fire model with
any vegetation or population model and therefore are not able to appropriately assess the
interplay between variables (e.g., loss of fuel due to prior fire occurrence).

We investigated the impacts of climate change on modeled burned areas in the boreal
zone under four Representative Concentration Pathway (RCP) scenarios: RCP 2.6, RCP 4.5,
RCP 6.0, and RCP 8.5 [46]. RCP 8.5 is considered a “baseline” scenario, without any specific
climate mitigation target. Greenhouse gas emissions and concentrations in this scenario
increase significantly over time, resulting in radiative forcing of 8.5 W/m? at the end of
the century. The RCP 4.5 and RCP 6.0 scenarios represent a stabilization approach, where
the radiative forcing level stabilizes at 4.5 W/ m?Z and 6 W/m?, respectively, before 2100
through the implementation of a range of technologies and strategies to reduce greenhouse
gas emissions. The RCP 2.6 emission and concentration pathway aligns with the literature
on mitigation scenarios aiming to limit the increase in global mean temperature to 2 °C.

For modeling, climate data were taken from the Inter-Sectoral Impact Model Intercom-
parison Project (ISIMIP2b) [56], which provides daily global climate variables globally at
0.5 degree resolution and covers the following time periods: pre-industrial (1661-1860),
historical (1861-2005), and future (2005-2100). Future conditions are based on results from
the Coupled Model Intercomparison Project 5 (CMIP5), upon which the ISIMIP2b data
are based.

To better understand how climate has influenced wildfire probability and burned area
in future scenarios, we used annual mean temperature and annual precipitation from the
Hadley Centre Global Environment Model version 2 (HadGEM2-AO) [57]. HadGEM2 is a
coupled Earth System Model used by the Met Office Hadley Centre for CMIP5 centennial
simulations as part of the high-resolution CHELSA dataset [58]. These data were used to
visualize the average predicted temperature and precipitation values during the historical
(1979-2013) period (Figures 2 and 3, respectively). The annual mean temperature [°C]
and annual precipitation [mm per year] were used to calculate the difference (deltas) in
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projected annual mean temperature and precipitation between the historical period and
two future periods (2041-60 and 2061-80), which provide valuable information on future
hotspots in terms of higher temperatures and lower precipitation across the study area
(Figures to be added). This study was more focused on mid-late century changes in climate,
which is why the period 2021-2040 was not visualized.
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Figure 2. Historical (1979-2013) mean annual temperature in degrees Celsius for the boreal zone,
native 1 km? resolution. Source: [58]. Authors’ representation.
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Figure 3. Historical (1979-2013) mean annual precipitation in mm for the boreal zone, native 1 km?
resolution. Source: [58]. Authors’ representation.
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2.3. FLAM Model

The Wildfire Climate Impacts and Adaptation Model (FLAM) employs a mechanistic
framework that integrates a process-based fire parameterization algorithm, capturing
the influences of climate, fuel, topography, and human activities on wildfire probability,
frequency, and burned area. It operates on a daily time-step and uses relative datasets to
define past and future wildfire trends. FLAM flowchart is given in Figure 4. It is highly
adjustable and adaptable, which allows for the inclusion of additional fire-related input
variables to enhance its precision in portraying local and regional fire dynamics under
different scenarios [32,34,35]. The climate impacts in FLAM are modeled based on daily
weather conditions. Fine fuel moisture content is assessed using the Fine Fuel Moisture
Code (FFMC) computation [31], coupled with the Arora and Boer algorithm [30].
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Figure 4. The FLAM workflow.

2.4. FLAM Input Data

FLAM was originally run at 0.5 degree resolution [35] to produce burned area projec-
tions for the period 2001-2100, considering four different RCP scenarios: 2.6, 4.5, 6, and
8.5. Therefore, all other input data were resampled to this resolution during pre-processing.
Additionally, two adaptation scenarios were devised to investigate the effects of enhancing
fire suppression efficiency on burned area in RCP 8.5. To perform the necessary analysis
and calibration processes, FLAM utilizes data for several key variables, found in Table 1.
All non-climatic variables (plus lightning) were kept static for future predictions to focus
on the impacts of climate change on burned area and fire dynamics.

Table 1. Input data required by FLAM.

Variable Unit Frequency Source
Temperature Degrees Kelvin/°C Daily Meteo climate data
Wind speed m/s Daily Meteo climate data
Precipitation Meters Daily Meteo climate data
Lightning Flashes/km? /month ~ Monthly HRMC

Relative humidity % Daily Meteo climate data
Fuel gC/m? Once or yearly G4M/ Copernicus
Landcover Type Once or yearly ESA World Cover
Population density People/km? Once or yearly GPW v4

Observed burned area ha Monthly MODIS FireCCI51

2.4.1. Population and Lightning Data

Population density data are used to calculate the human ignition probability and an
initial fire suppression efficiency value. Population density data were acquired from the
Gridded Population of the World dataset v4 [59]. Population grids at 5-year intervals for
the period 2000-2020 were used, and 2020 values were kept constant for future projections.
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For lightning frequency, the monthly climatology from 1995-2014 at 0.5 degree resolu-
tion from LIS/OTD Gridded Lightning Climatology Data Collection Version 2.3.2015 [60]
was averaged to produce a static lightning strike map used for historical and future projec-
tions. This represents the natural ignition source of wildfires in the model.

2.4.2. Burned Area, Biomass, and Landcover Data

Observed burned areas were extracted from the FireCCI51 burned area product v5.0,
created within the European Space Agency’s Climate Change Initiative (CCI) Programme,
for the period 2001-2020 [11,41]. Observed burned area data were used for analysis of
modeled past and present burned area, as well as for calibration of FLAM and comparison
of the historical period to future projections.

Fuel in the form of biomass is necessary to calculate fire ignition and spread. Biomass,
used to represent fuel available to burn, was obtained from two sources. For forested areas,
biomass values were taken from the G4M model at a resolution of 0.5 degrees [61]. G4M
computes forest biomass based on land cover and biomass maps, and is used as a basis for
the precision and reliability of the model outcome. For all non-forested land cover types,
biomass was obtained from Copernicus Above Ground Biomass Global product [12]. A
simple proportional equation was used to calculate the pools of coarse woody debris and
litter from the biomass values. Biomass was static for this study; therefore, the values used
in FLAM were uniform across the study period (2001-2099).

Land cover data play a crucial role in the assessment of wildfire behavior in different
land cover types, which helps in further understanding wildfire dynamics in the boreal
zone. Land cover data were acquired from the European Space Agency (ESA) CCI MODIS
land cover map for 2010 [41], which was used for both historical modeling and future
projections. The map contains 19 1st-level land cover categories which we recategorized
into forest and non-forest classes. Land cover numbers 50-90 were clustered as forest,
and the remaining classes were grouped into the non-forest category (excluding lichens
and mosses, and water). The forest land cover was further sub-categorized by forest type:
broadleaf, needleleaf (deciduous), needleleaf (evergreen), and mixed leaf.

2.4.3. Model Calibration and Validation

One key feature of FLAM is the ability to calibrate the spatial fire suppression ef-
ficiency to better capture inter-annual burned area dynamics of historical burned area.
FLAM is calibrated by comparing actual and modeled burned areas aggregated over time.
Throughout the calibration period, FLAM parameters are adjusted to match the average
burned area per pixel. Pixels impossible to calibrate are systematically removed to mitigate
errors in projections. These pixels are typically those with insufficient fuel available to burn
or lacking an ignition source.

Post-calibration, the model undergoes re-evaluation with a focus on annual com-
parisons of burned areas. This simplified calibration approach guarantees the alignment
of burned areas in the historical period across all RCPs. The validation phase of FLAM
involves testing its accuracy in modeling yearly burned area.

2.4.4. Burned Area Projection and Adaptation Scenarios

Using the calibrated model results, we generated future burned area predictions
under various climate change scenarios. Given that lightning and all of the non-climatic
variables were assumed constant for the projection period, the projected burned areas can
be interpreted as a “what if” situation in regards to climate change, hypothesizing the state
of wildfires if present-day conditions were maintained but weather conditions reflected
conditions as projected under various climate change scenarios. This provides insight into
how wildfire occurrences and regimes would play out in a changing climate (the RCP
scenarios), assuming continuity in current management strategies and lightning frequency.

Using the burned area projections from FLAM, we can identify fire hotspots: areas
which have a high likelihood of burning, severe fires, and/or a low suppression efficiency.
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In addition to the four RCP scenarios, in this paper, we wanted to show that changes to
conditions other than climate and weather could impact modeled burned areas. Therefore,
we established a fifth and sixth scenario to explore two adaptation options.

FLAM is calibrated using spatial suppression efficiency based on the observed average
burned areas [35]. For our adaptation scenarios, we chose to represent an intervention
through the modification of suppression efficiency. Suppression efficiency of a fire can be
improved in a number of ways: quicker detection of and reaction to a fire, more available
resources, and targeted forest management to improve intervention effectiveness, to name a
few. We wanted to show how increasing suppression efficiency in FLAM-identified hotspot
areas could reduce the total burned area. To highlight the impact of such an intervention,
we compared results under RCP 8.5.

We considered two “what if” options in which we assumed that the suppression effi-
ciency in hotspots (where g < g4, g, € (0,1] is a threshold, with g representing suppression
efficiency) could be improved such that all fires were suppressed within a certain number
of days after ignition. Mathematically, this can be expressed in the following way. Let Q be
the matrix of suppression efficiency values g;; € (0,1],i=1,...,M, j=1,...,N, where M
is a number of rows and N is a number of columns. This matrix represents a geospatial
grid covering the study region, where indices (i, j) are the coordinates of a grid cell, and
therefore, g;; represents the g value of the cell found at (i, j). As an adaptation option, we
make the following transformation of the elements of matrix Q:

e qﬂr lf qu < qﬂ/

Tij == { qij, elsewhere. 1)

Here, g, is constant threshold, i.e., it is the same for all grid cells. Recall that the

expected fire duration for each grid cell (i, ) is calculated according to the following

equation [35]:
L —aqj

= . 2

We consider two adaptation scenarios, increasing suppression efficiency at the hotspots

according to Equation (1) with g, = 0.5 corresponding to suppressing a fire in one day, and
ga = 0.2 corresponding to expected fire duration of 4 days (Equation (2)).

3. Results
3.1. Wildfires in the Boreal Zone: Past and Present

From 2001 to 2020, over 251 Mha of the boreal zone burned, or approximately 12.6 Mha
per year. Figure 5 shows the breakdown of the burned area per year and per vegetation
class. The vast majority (=88%) of the burned area was classified as forests (=65%),
grassland (~13%), or a mosaic of forests and herbaceous vegetation (~10%). Four other
land cover classes (cropland, shrubland, lichens and moss, and a mosaic of forests, grass-,
and shrublands) made up the remaining 12% of burned area. The forest land cover class
can be further broken down into needleleaf (evergreen), needleleaf (deciduous), broadleaf,
and mixed leaf. Of the burned forested area, 82% was of the type needleleaf (58% and 24%
for deciduous and evergreen, respectively), 16% was broadleaf, and only 2% occurred in
mixed leaf forests.

Separating this period into two decade-long segments (2001-10 and 2011-20) high-
lights the impact of an abnormally large fire which occurred in Russia in 2003, during which
27.3 Mha of primarily forested area burned—more than double the yearly average burned
area for the 20-year period. Table 2 shows the burned area per decade, per vegetation class,
and the percentage of the total burned area for which that vegetation class accounted. In
the first decade, 61% of burned area was classed as forest, 14.5% as grassland, and 10.5% as
mosaic (forest/herbaceous). In the second decade, 68% of burned area was forest, 11.5% as
grassland, and 9.4% as mosaic (forest/herbaceous). Most notably, there is a 7% increase in
the proportion of burned area which is classed as forest. A similarly important trend is seen
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when comparing the types of forests burning between the two decades. From 2001 to 10,
broadleaf forests comprised 20% of burned forest area and needleleaf 77% (56% deciduous,
22% evergreen). In comparison, from 2011 to 20, broadleaf forests comprised only 12% of
burned forest area, with both types of needleleaf forests experiencing a 4% increase in their
share of burned area.

Vegetation types
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Figure 5. Burned area vegetation dynamics in the boreal zone (2001-2020). Source: [41].
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Table 2. Total burned area per vegetation class per 10-year period (in descending order by MHa;
italicized volumes and percentages in brackets are part of the forest class) based on FireCCI51
dataset [41].

Classes 2001-2010 (MHa) Percentage (%) 2011-2020 (MHa) Percentage (%)
Forest: 78.47 61.3 84 68.0
Needleleaf—deciduous (43.86) (55.9) (50.65) (60.3)
Needleleaf—evergreen (17.6) (22.4) (21.96) (26.1)
Broadleaf (15.74) (20.1) (10.11) (12.0)
Mixed leaf (1.27) (1.6) (1.27) (1.5)
Grassland 18.56 14.5 14.15 11.5
Mosaic tree, herb 13.41 10.5 11.6 9.4
Cropland 6.51 51 5.68 4.6
Mosaic tree, shrub, herb  5.67 44 3.66 3.0
Shrubland 3.31 2.6 2.83 2.3
Sparse vegetation 1.96 15 1.45 1.2
Lichens and moss 0.13 0.1 0.14 0.1
Total 128.02 100 123.51 100

When looking specifically at burned forest area in the boreal zone (i.e., boreal forests)
in Figure 6, there are slight differences visible in the spatial spread of burned pixels. In the
first decade, the large Russian fire of 2003 dominates the burned pixels in southern Russia.
There are some burned forests in central and northern Russia, central Canada, and southern
Europe, but the pixels designating burned forests are largely absent from the far north of
the boreal zone. In the second decade, there is a general trend for more central, borderline
northern boreal forests to burn. This is more clearly seen in Figure 7, which shows the
difference in burned area between the later, more recent decade (2011-20) and the earlier
decade (2001-10), with red highlighting where more boreal forests have burned recently as
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opposed to at the beginning of the century. Fires are moving north within the boreal zone.
Both figures show burned area in the original resolution of 0.25 degrees, though it should
be noted that in modeling, the data were aggregated to a resolution of 0.5 degrees.
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Figure 6. Burned area in boreal forests over two decades (2001-2010 and 2011-2020), native
0.25 degree resolution. Source: [41]. Authors’ representation.
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Figure 7. The difference in burned area in boreal forests between two decades (2011-2020 compared
to 2001-2010), native 0.25 degree resolution. Source: [41]. Authors’ representation.

3.2. FLAM Calibration and Sensitivity Analysis in the Context of RCP Scenarios

For calibration, we chose the 10-year period spanning from 2011 to 2020. FLAM was
forced to reproduce the average burned area over the entire period, as opposed to each
individual year. During the calibration process, FLAM did not utilize any information
regarding interannual variability but relied solely on the yearly average burned areas and
their locations over a 10-year period. To validate the calibration, we then compared the
FLAM-modeled burned areas with those from the FireCCI51 data [41]. The calibrated
outputs from FLAM exhibit variability in different years across the RCP scenarios, although
all FLAM RCP projections fit the 10-year average burned area. Overall, FLAM output
generally mirrored the trends in observed burned area obtained from FireCCI51, and the
lower and upper bands of the predictions did a good job of capturing the observed burned
areas from FireCCI51, implying that the model is able to reflect observed conditions despite
variability under various climate change scenarios.

Figure 8a illustrates the yearly modeled burned area sums across all RCPs from 2011
to 2020. FLAM output varies with respect to each RCP scenario due to differences in daily
weather-related variables, although the average across the entire period is the same across
scenarios. While a single FLAM RCP scenario does not perfectly correlate with observed
yearly sums, it is always possible to select a scenario which is closest to the actual burned
area sum for each given year.
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Figure 8. (a) Calibrated FLAM results across RCPs. (b) “Best fit” of FLAM predictions compared to
FireCCI51 data, with upper and lower bounds (range) of FLAM predictions.

The ability of FLAM to model burned area is best seen in Figure 8b, which shows
the yearly FireCCI51 burned area sum (blue), the upper and lower bounds of FLAM
predictions across the four scenarios (shaded area), and a “best fit” (BF) approximate
(orange), calculated as follows:

N*(year) = argmin ‘FireCCISl(year) — FLAMy (year)
Ne{2.6,45,6.0,85}

BF(year) = FLAMN: (y¢qr) (year), where year € [2011,2012,...,2020].

7

Here, BF is the values of burned area for the “best fit” line, N is the number of RCP
scenario, FLAMy (year) is burned area modeled by FLAM in a given year under RCP
scenario N, FireCCI51(year) is the burned area reported by MODIS for a given year, and
N*(year) is the best-fitting RCP for a given year. In other words, we consider all FLAM
RCP burned area sums each year and select the value which most closely resembles the
FireCCI51 value. These are then connected by a line to create a “best fit” line.

Runs under RCP 2.6 best captured the years 2011-2013 and 2015, RCP 4.5 showed the
closest fit for years 2017 and 2020, RPC 6.0 captured year 2018, while RCP 8.5 captured
years 2014, 2016, and 2019. Over the span of 10 years, RCP 2.6 exhibited the best fit for
4 years, RCP 4.5 for 2 years, RCP 6.0 for 1 year, RCP 8.5 for 3 years. This illustrates the
uncertainty in climate forcing estimates as provided by the RCPs and highlights the model’s
capacity to reflect complex climatic interactions. Overall, the correlation between the best
fit (orange line) and observations (blue line) is assessed with Pearson’s r equal to 0.95.
Figure 8b shows that overall, FLAM was able to capture large fires; the only obstacle was
capturing the relatively small area (on average) burned in 2017.

A comparison between FLAM output driven by individual climate scenarios and
FireCCI51 burned area reveals a clear disparity in values. Table 3 presents Pearson’s
correlation coefficients and Mean Absolute Errors (MAE) in MHa for the four FLAM
RCP scenarios as compared to the FireCCI51 dataset. As previously mentioned, the “best
fit” line exhibited the highest correlation with the FireCCI51 dataset and the lowest MAE
compared to the individual scenarios, with a Pearson’s r value of 0.95 and MAE of 0.55 MHa.
Among the individual scenarios, RCP 4.5 exhibited the highest Pearson’s correlation with
FireCCI51, with r = 0.45, albeit accompanied by a high MAE value of 2.35 MHa. Both
RCP 2.6 and RCP 8.5 demonstrated better MAE performance, each of which had an MAE
equal to 1.86 MHa, though their Pearson’s coefficients were relatively low, at r = 0.2
and r = 0.27, respectively. In contrast, RCP 6.0 displayed the poorest performance with
Pearson’s r = 0.06 and MAE of 2.57 MHa. The clear disparity in values between individual
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scenarios emphasizes the challenges associated with accurately capturing the variable
influence of different drivers and their interactions in fire modeling.

Table 3. Pearson’s correlation coefficient and Mean Absolute Error (MAE) in MHa for the 4 FLAM
RCP scenarios and “best fit” as compared to the FireCCI51 dataset [41].

Scenario Pearson’s r MAE, MHa
RCP 2.6 0.20 1.86
RCP 4.5 0.45 2.35
RCP 6.0 0.06 2.57
RCP 8.5 0.27 1.86
Best fit 0.95 0.55

It is worth noting that 4% of the area identified by FireCCI51 as burned area in pixels
could not be calibrated by FLAM. The inability to calibrate is often due to one of two data
conditions. First, in areas classified as urban/developed, especially in or near cities, the lack
of fuel available for burning is a common issue due to coarse-resolution data. When land
cover is categorized as urban/developed, the model assumes that there is no fuel available
for burning. Addressing this limitation was beyond the scope of this study, as there are
no studies that equate urban and developed land to a comparable above-ground biomass
value. Second, the lack of an ignition source, whether natural (such as a lightning strike)
or anthropogenic (probabilistically determined by population density vs. suppression
efficiency), may hinder FLAM'’s ability to predict fire or burned area. To mitigate errors
in projections due to unavailability of data in these areas, the corresponding pixels are
systematically removed.

3.3. Future Climates

To better understand the changing climate in the boreal ecozone, we visualized mean
annual temperature [°C] and accumulated precipitation [mm/year] for a historical period
(1979-2013) and two future periods (2041-60 and 2061-80) under four RCP scenarios
(RCP 2.6, 4.5, 6, and 8.5) with the CHELSA GCM HadGEM2-AO dataset. Historical
temperature and precipitation were processed and visualized to establish baseline values
(Figures 9 and 10).
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Figure 9. Change in mean annual temperature in degrees Celsius for the boreal zone as compared to
the historical period (1979-2013), native 1 km? resolution. Source: [58]. Authors’ representation.
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Figure 10. Change in mean annual precipitation in mm for the boreal zone as compared to the
historical period (1979-2013), native 1 km? resolution. Source: [58]. Authors’ representation.

For each future period and RCP scenario, climate data were (1) processed to analyze
future (projected) conditions, then (2) compared to the baseline results from the historical
period for the entire boreal ecozone to (3) calculate the delta (change) in value between the
historical and future time periods.

3.3.1. Temperature

The boreal zone is expected to experience rising temperatures by the end of the century
under all scenarios, but there are significant differences between scenarios. Warming is
projected to be greater in the high-latitude regions of the boreal zone under all RCPs,
particularly in the North American continent and over large areas of Russia. In more
mid-latitudes, especially in Europe, a smaller amount of warming is predicted. These
trends are visible in RCP 2.6, RCP 4.5, and RCP 6.0, and are strongly evident in RCP 8.5.
Already in the period 2041-60, the differences between the scenarios become apparent.
Under RCP 2.6, most of the boreal zone will warm by 1-2 degrees, with notable exceptions
in the northern boreal zone of Canada, western Siberia, and the area around the Sea of
Okhotsk in the Far East of Russia (which will warm by more than 3 degrees) and western
Europe (with temperature changes between 0 and 1 degree). Iceland will experience an
increase of 0 to 1 degree in the west of the island and up to 3 degrees in the east. Under
RCP 4.5, some regions are expected to warm by up to 5 degrees, with much of the boreal
zone in North America and the Far East expected to warm by at least 3 degrees. Under RCP
6.0, the spatial pattern of warming is similar, but more moderate. Rising temperatures are
even more prevalent under RCP 8.5, which predicts 4-5 degrees of warming at the highest
latitudes, especially in the Northwest Territories of Canada and the entire northern area of
the Russian boreal zone, as well as along the coast of the Sea of Okhotsk, with only sparse
areas at the southern extreme of the boreal zone warming by less than 4 degrees.

By 2061-80, the differences between the scenarios are even more pronounced. Under
RCP 2.6, there are minimal differences between 2041-60 and 2061-80, with slightly more
warming in Siberia, implying a relatively stable climate in the boreal ecozone by mid-
century. Under RCP 4.5, over half of the total boreal zone and almost all of the boreal zone
in North America appear to experience at least 4-5 degrees of warming. However, the more
mid-latitudes of Asia and southwest of the Yukon in Canada and part of Alaska see a more
moderate increase of 3 degrees. The RCP 6.0 scenario for 2061-2080 also shows a more
moderate temperature increase compared to RCP 4.5. Under RCP 8.5, the entire boreal
zone, except Iceland and parts of Norway and Sweden, will warm by 5 degrees or more.

3.3.2. Precipitation

Projected changes are more variable and less certain for precipitation in the boreal zone
under all four RCPs. In general, the largest changes in precipitation are expected under RCP
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8.5 and the least extreme changes are expected under RCP 2.6. There is a trend over time
and across scenarios towards drier conditions in the southern-most areas of the boreal zone,
mainly in Russia, Canada, and the Scandinavian countries (most pronounced in Finland).
The differences in projected precipitation become larger over time between the scenarios.
In other words, the difference in expected precipitation, for example, is greater between
RCP 2.6 and 4.5 than for either scenario in 2041-60 compared to 2061-80 values. Similarly,
in northern Canada, annual precipitation is expected to increase across all scenarios, with
the largest increases expected under RCP 8.5 in the northwest of the country.
Precipitation is projected to increase over the entire territory of Russia, with the largest
increases occurring in the North Siberian and Far Eastern parts of the boreal zone. Overall,
more areas within the boreal zone are projected to experience an increase in precipitation
than a decrease. Notable exceptions include parts of Finland, southern Russia, and southern
Canada. It is noteworthy that under RCP 6.0, despite a smaller increase in temperature,
there is a significant decrease in precipitation compared to all other scenarios. Precipitation
under RCP 6.0 will decrease in almost the entire European part of the boreal zone, and the
decrease will extend to the south of the boreal zone in both Eurasia and North America.

3.4. Burned Area Projections by FLAM

Burned area projections from 2011 to 2099 were produced by FLAM for four RCP
scenarios. The results can be seen in Figure 11. The dotted line separates the calibration
period (2011-2020) from the projections (2021-2099), although the entire period is modeled.
Visually, the four scenarios appear similar for the first few decades, but differences in
annual burned area become strongly apparent by the end of the century. In RCP 2.6, the
burned area appears to remain relatively consistent over time, with a slight increase in
burned area (forest and non-forest) over the next 70+ years. In contrast, we see a noticeable
uptick in burned area in the three other RCP scenarios, with overall increases being the
largest in RCP 8.5, followed by 6 and 4.5. Notably, non-forest burned area appears to
increase more in contrast to forests in RCP 4.5, although the reason for this is unclear. In
RCP 8.5, the increase in burned area starts gradually but eventually rises at an increasing
rate, with a clear upward trend beyond the end of the century.
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Figure 11. Burned areas in the boreal forest modeled by FLAM under four RCP scenarios. Calibration
period: 2011-2020; projection period: 2021-2099.

To better assess and understand the projected burned forest area values, we calculated
average annual burned forest area. The average annual burned forest area was calculated
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for the 10-year calibration period to provide a baseline value with which to compare the
future periods and scenario results. For projections across scenarios, the average annual
burned forest area was calculated over 20-year periods.

Table 4 shows these values starting with the period 2040-2059, where there begins
to be a clear visual difference between scenarios, as seen in Figure 9. As expected, the
annual burned forest area increases over time and across RCP scenarios, from the best-case
(RCP 2.6) to the worst-case (RCP 8.5). The difference between the average annual burned
area and the historical baseline is found beneath the absolute value.

Table 4. Average annual burned forest area modeled by FLAM for each scenario in 3 future projection
periods, and as compared to historical average annual burned forest area (all values in millions of
hectares, MHa).

RCP

Time Period Scenario 2.6 4.5 6.0 8.5
(g)ilslffgiggé) Aﬁli;algg 793150 7.93 +1.59 7.93 +1.32 7.93 +1.63
2040205 Aﬁz’liig]}e 965192 1044x162  1123+325 1161199
20602079 Aﬁ;’iﬁgg  1008:164  1269+205  1408+306 1725256
20802099 Aﬁz’liﬁgg ,  1035£172  1359+185 1625339  24.08x191

In the first period, the changes seen under RCP 2.6 are relatively small. In comparison,
the changes observed under RCPs 6.0 and 8.5 are twice as large as those observed under
RCP 2.6. In the second period (2061-2079), the differences are larger; burned area increases
by about 2 Mha per scenario, with projected conditions under RCP 8.5 more than three
times the change in area burned under RCP 2.6. By the third period (2081-2099), burned
area appears to be more or less stabilized under RCP 2.6, with minimal increases between
the second and third periods, which is also true under RCP 4.5. However, steady increases
are still observed under RCP 6.0, where the average annual area burned is expected to
double compared to baseline. Alarmingly, under RCP 8.5, the average annual area of forest
burned is projected to triple over this period. Overall, it appears that we can expect an
increase in the area burned in the boreal forest regardless of the RCP scenario, with the
most devastating increases occurring under RCP 8.5.

3.5. FLAM: Adaptation Options to Combat Forest Fires in the Boreal Zone

By definition, suppression efficiency is the probability of extinguishing a fire within
one day, i.e., a value of 0.5 corresponds to a fire duration of one day or 24 h. Lower values
correspond to longer fire duration, up to several weeks [35]. Hotspots of lower suppression
efficiency are found in Russian Siberia and the forests of Canada, meaning that once a
fire starts in these areas, it is incredibly difficult to stop it. This could be due to factors
such as lack of infrastructure (low accessibility) and high fuel loads, which should be
taken into account in future studies. Values close to 1 mean that very rapid suppression is
possible in these pixels. To explore wildfire adaptation and mitigation options in boreal
forests, we artificially improved (increased) suppression efficiency across the boreal zone.
To accomplish this, two adaptation scenarios were considered, which showed the effect
of improving suppression efficiency in identified hotspot areas. In the first scenario, we
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assumed an extreme increase in suppression efficiency, where all pixels with suppression
efficiency < 0.5 were set to 0.5 (i.e., probability of fire extinguishment within 24 h). In the
second scenario, all pixels with suppression efficiency < 0.2 were set to 0.2 (i.e., probability
of fire extinguishment within 4 days).

Calibrated suppression efficiency values from FLAM under RCP 8.5 are shown in
Figure 12 (top image). Red and orange pixels indicate areas that are unlikely to be extin-
guished within several days or weeks; yellow pixels indicate areas where fires are likely to
be extinguished within one day; and light and dark blue pixels indicate areas where fires are
likely to be extinguished in less than one day. Large areas, particularly in Siberian Russia
and central Canada, are susceptible to multi-day fires. Improving suppression efficiency to
within 4 days and 24 h, as shown in Figure 12 (right images), has an outstanding impact on
fire spread and burned area.
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Figure 12. Suppression efficiency in the boreal forest modeled by FLAM under RCP 8.5: no adaptation
scenario vs. 24 h and 4-day adaptation scenarios, 0.5 degree resolution.

Even under the worst case climate change scenario (RCP 8.5), our study shows that
targeted intervention in wildfire hotspots has a drastic impact on burned area projections
(Figure 13). Implementing adaptation strategies, such as improving suppression efficiency
in areas like Siberian Russia and central Canada, almost halves the projected annual burned
area by the end of the century if suppression is guaranteed within 4 days (threshold g, = 0.2
in Equation (1)), and reduces it by nearly 5 times in the case that all fires are suppressed
within 24 h (threshold g, = 0.5 in Equation (1)). This can be seen by comparing the
yearly burned area average across the entire future period (2021-2099) in RCP 8.5 with
no adaptation with the yearly average burned area on the two adaptation scenarios (see
Figure 13). To show the trends of burned area predictions over time, we used quadratic
polynomial fitting for each of the scenarios. Technically, the trend line minimizes the sum
of the residuals, i.e., the differences between the observations and the fits by quadratic
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function. The discrepancy between the scenarios highlights the importance of management
in hotspots, such as regions with low suppression efficiency.

In the no adaptation scenario, the average yearly burned area is 15.39 MHa, as com-
pared to 7.91 MHa and 3.2 MHa in the 4-day and 24 h suppression scenarios, respectively.
The potential burned forest area is therefore reduced by 48.6% and 79.2%, respectively, in
the two adaptation scenarios. Despite the fact that increasing suppression efficiency at the
hotspots as modelled here could be costly and time-consuming, we see that the effects of
such adaptation options would be most important towards the end of the century facing
more climate extremes, as suggested by RCP scenarios.
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Figure 13. Burned area [MHa] (2011-2099) in the boreal forest modeled by FLAM under RCP 8.5 with
no adaptation and two suppression scenarios, including quadratic polynomial trends.

4. Discussion

Weather is a key driver of wildfires, especially temperature and precipitation; hot, dry
areas are susceptible to both fire ignition and spread. Therefore, climate change is certain to
have a significant impact on future wildfire events, burned areas, and associated emissions.
As one progresses through the RCPs from least (2.6) to most (8.5) extreme over time, it is
clear that the largest changes and impacts can be expected under RCP 8.5 by the end of the
century. Impacts are, however, likely to be felt as early as the period 2041-2060.

Rising temperatures are predicted under all RCPs with the projections from CMIP5
(Figure 9). While there is uncertainty about exactly how much and where temperatures will
rise, it is clear that they will rise to some extent. Of concern in this regard is the expectation
of warming temperatures especially in the northern parts of the boreal zone, which could
not only release large amounts of greenhouse gases, but could result in reduced water
stores (from melting snow and ice deposits), longer growing seasons, and northward
vegetation migration. These, in turn, could result in more fuel available for burning and
longer fire seasons.

Projected changes in precipitation are less certain than those predicted for temperature,
where—despite the region, scenario, or model used—there is consensus that temperatures
will generally rise. With precipitation, it is not easy to say that the boreal zone as a whole
will experience one change; there is higher spatial variability to the changes as compared to
temperature. There is less consistency between scenarios on what changes will occur where,
and different modeled data could result in different precipitation values. Further, this study
was not equipped to predict the form in which precipitation will occur (e.g., snow, rain,
etc.) nor the changes in its form, which could have drastic impacts on vegetation growth,
snowpack, and water tables—all of which have an influence on fire ignition and spread.
Therefore, the conclusions drawn below must be interpreted with this limitation in mind.
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Based on the modeled data used in this study, precipitation is likely to increase across
more of the boreal zone by the end of the century than areas which will likely see decreases,
as illustrated by the delta maps (Figure 10). Although the form, timing, and intensity
of precipitation events are not included in the illustrations, the latter two are considered
in the lower-resolution daily input data by FLAM (Table 1). The timing of precipitation
events is important, as it influences not just vegetation growth, death, and decay, but
also interacts with temperature, wind, and relative humidity to impact fuel moisture
and the resultant wildfire risk (Figure 4). In light of this, one useful takeaway from the
visualized precipitation changes is that they are most useful when used in conjunction with
other variables, such as fuel, and most importantly, temperature change. Areas which are
expected to experience both increased temperatures and either increased spring/decreased
summer and autumn precipitation, or overall decreased precipitation, are likely to be most
susceptible to wildfires assuming no interventions.

There is uncertainty generated by the RCP scenarios in how burned areas will evolve,
particularly evident in the calibration period. Here, FLAM output aimed to reproduce
the average burned areas of the historical period, which varied significantly from year
to year across scenarios (Figure 8a). However, it was possible to select a modeled RCP
scenario closest to FireCCI51 burned area data for each year (a so-called “best-fit sc