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sources can be managed to reduce open biomass burning.
Astrup et al. (2018) argued that boreal forests should be
managed to increase broad-leaved stands to reduce wildfire
risk and fire emissions, and increase surface albedo, since
broad-leaf trees reduce surface temperatures locally (Schwaab
et al., 2020). Given these complexities, management strategies
are best defined by regional needs. This chapter will focus on
three biophysical regions of the Arctic: North America and
Greenland, Fennoscandia and European Russia, and Siberia
and the Russian Far East.

4.1 Introduction

int

Open biomass burning is a known disturbance in the
ecosystems of the Arctic Council region. Krylov et al. (2014)
found that stand-replacement wildfires, fires that kill most
aboveground vegetation and trigger ecological succession, are
responsible for 66% of total forest disturbance in the Russian
Federation. Results from the Global Fire Emissions Database
Version 4s (GFED4s [including small fires]; Data ref. 4.1)
found that between 1990 and 2016, fires in boreal forests
of Russia and North America, but excluding Fennoscandia,
accounted for 15% of global methane emissions (van der
Werf et al., 2017). In terms of burned area, 2015 was the largest
fire year for the southwestern Alaskan tundra ecoregion since
monitoring by satellites began in 1971 (Michaelides et al.,
2019). Recent evidence suggests that northern and Arctic
ecosystems will become more susceptible to fire as the climate
warms (York et al., 2017).
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Figure 4.1 depicts anticipated ecological and meteorological
shifts and the potential impact of these transitions on fire
risks, as reported in the scientific literature, with the locations
of fire-risk indicators on the map derived from the locations
of these studies. First, boreal forests experience permafrost
thaw, with initially wet soils (Wrona et al., 2016; O’Neill et
al., 2020) desiccating to eventually become dry ground fuels
(Turetsky et al., 2015; Box et al., 2019). In response to this
progression, the risk of fire rises, then falls, then rises again.
Second, the predicted transition of boreal forest to deciduous
stands decreases fire risk in eastern Canada and small regions
of interior Alaska (Terrier et al., 2013; Foster et al., 2019;
Mekonnen et al., 2019). Third, grassland ecosystems expand in
northwestern Canada and Alaska (Whitman et al., 2019; Wang

Broadly speaking, wildfire regimes are driven by climate and
weather, fuels and fuel conditions, and the presence of people
as ignition sources (Silva and Harrison, 2010; de Groot et al.,
2013). Human-caused fires are driven by management needs
and sometimes cultural practices (Granström and Niklasson,
2008; Bowman et al., 2011). Fuels and anthropogenic ignition
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Figure 4.1 A sample of future Arctic fire-risk variables faced by Arctic Council Member states, drawn from peer-reviewed studies. The increases and
decreases to fire risk relate to expected ecological and meteorological transitions forecast for the mid- to late-21st century due to climate change. Arrows
indicating the anticipated changes to fire risk (up arrow, increasing risk; down arrow, decreasing risk) are placed in general locations where one or more
studies predict this transition, although many of these changes could be possible across the Arctic.
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et al., 2020). Fourth, increased lightning strikes increase fire risk
in Alaska (Veraverbeke et al., 2017) and also northern Europe
(Púčik et al., 2017). Fifth, as wheat and maize cultivation are
established in areas of West Siberia previously characterized by
permafrost (Parfenova et al., 2019), and expand thereafter into
the cold regions of the boreal zone (King et al., 2018) in North
America, human-caused agricultural burning may increase.
Finally, a threefold increase of permafrost thaw in the boreal
zone by 2100 under the Representative Concentration Pathway
(RCP) 4.5 will potentially increase the amount of peat (Nitzbon
et al., 2020), also increasing fire risk.
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Open biomass burning, as defined in this chapter, includes
both wildland fires (wildfires, forest fires) and fires in humandominated landscapes, such as agricultural and grassland areas.
Throughout the chapter, open biomass burning is referred to
using several terms that have specific meanings. Agricultural
burning and agricultural open burning define fires used to
manage croplands. Wildland fires are fires occurring in wild
landscapes, whether ignited naturally or by human activity.
Smouldering fires are those that take place in peat landscapes,
or as surface fires in the understoreys of boreal forests. Reported
statistics and geospatial methods from Earth observations were
used to quantify and differentiate open biomass burning as
human-caused fires (related to agricultural open burning, timber
and agroforestry) and natural fires (caused by lightning strikes).

key characteristics of open biomass burning. In this 2021
assessment, many of the open biomass burning assumptions
remain the same, including human influence on both ignition
and suppression, as well as on fuels management (Parisien
et al., 2016), significant interannual variation in fire events
and emissions, spatial and seasonal clustering of burning
related to active land management, and fuel conditions. Since
2015, however, evidence for the direct influence of climate
change on early season megafires has increased (Wang et al.,
2017), as well as on the fuelling of extreme wildfires in more
populated areas (rather than just in remote boreal forests) and
in Arctic tundra (Abatzoglou and Williams, 2016; Kirchmeier‐
Young et al., 2019). Further, this 2021 assessment provides
clarification of ‘what is open biomass burning?’ for the Arctic
Council region and of the specific language of fire-emissions
sources. Specifically, it determines landscape-scale fire types
in the Arctic and boreal regions to be either wildland (boreal
forest, hemi-boreal forest, taiga, tundra, grasslands and steppe,
peatlands) or anthropogenic (croplands, pasture and rangeland,
timber and agroforestry). Ignition sources are classified as
natural or human-caused, providing needed context for policy
recommendations. Finally, current uncertainties of quantifying
future emissions from open biomass burning in the Arctic
Council region are noted.
4.2 U
 nderstanding

The 2015 AMAP assessment on black carbon (BC) and
ozone as Arctic climate forcers (AMAP, 2015a) noted the

emissions in the Arctic

Open biomass burning is a source of many short-lived climate
forcers (SLCFs), including black carbon (BC), organic carbon
(OC), sulfur dioxide (SO2), methane (CH4), carbon monoxide
(CO), nitrogen oxides (NOX), non-methane volatile organic
compounds (NMVOC), and ammonia (NH3) (AMAP, 2015a
and 2015b). Much of this chapter will focus on BC and CH4,
as mitigation of BC has been found to contribute the most of
any SLCF to reducing warming in the Arctic (Sand et al., 2016)
and CH4 is a potent greenhouse gas.
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Many approaches taken to model the future risk of fires use
RCPs to define the possible impacts of climate change on
temperature and precipitation, as these variables influence
fuel conditions and the availability of fuels for ignition and
subsequent burning (Veira et al., 2016). Outlined in the AR5
report of the Intergovernmental Panel on Climate Change
(IPCC) (IPCC, 2013), the RCP scenarios outline a range
of future climate-forcing conditions that can be used for
considering potential impacts, and appropriate mitigation and
adaptation measures (Moss et al., 2010). RCP4.5 (~650 ppm
CO2 equivalent [CO2 eq]; low-emissions scenario) and RCP8.5
(~1370 ppm CO2 eq; high emissions scenario) stabilize radiative
forcing in the year 2100 at 4.5 watts per square meter (W/m2)
and 8.5 W/m2 respectively. These are commonly used for subnational, national, and regional studies (Krause et al., 2014;
Sherstyukov and Sherstyukov, 2014; Girardin and Terrier, 2015;
Lehtonen et al., 2016; Wotton et al., 2017), but not exclusively
(Young et al., 2016). While the overall modelling work for this
assessment relies on biomass burning emissions represented in
the more recent Shared Socioeconomic Pathways (SSPs; O’Neill
et al., 2017) – featured in IPCC AR6 – comparable assessment
for the biomass burning conditions and impacts have not yet
been published (Chapters 6, 7 and 8 all refer to GFED in some
form as a proxy for biomass burning emissions within the SSPs).
For a detailed description of the SSPs, and their relation to the
RCPs, see IIASA (2019). It should be noted that the RCP2.6,
RCP4.5, RCP6.0, and RCP8.5 all project temperature increases
for the boreal and Arctic regions of between 1.5°C and 3.0°C by
mid-century (see Figure TS15-3 of IPCC [2013]). By the end
of the century, however, the RCP forecasts diverge for these
regions, with anticipated temperature rises of: 2°–4°C (RCP2.6);
3°–7°C (RCP4.5); 4°–9°C (RCP6.0); and 7°–11°C (RCP8.5).

4.2.1

L ong-term emissions from open
biomass burning

Comparison of five biomass burning emissions models including
GFED (van der Werf et al., 2017), the Fire Inventory from NCAR
(FINN; Wiedinmyer et al., 2011), the Global Fire Assimilation
System (GFAS; Kaiser et al., 2012), the Quick Fire Emissions
Dataset (QFED; Koster et al., 2015), and the Fire Energetics
and Emissions Research (FEER; Ichoku and Ellison, 2014), was
completed for the period 2005–2018 (Appendix 4, Figure A4.1).
This built on the previous work of the 2015 AMAP assessment
of BC and ozone (AMAP, 2015a), which included 2005 biomass
burning emissions from GFAS, GFED, and FINN. It should be
noted that GFED is used in the CMIP5 and CMIP6 inventories
and analyses (van Marle et al., 2017). For each global fire
emissions model, the area of interest was defined roughly as
45°–80° North (N) globally, split by latitude ranges of 45°–50°N,
50°–60°N, 60°–70°N, and 70°–80°N. Average annual emissions
from open biomass burning from all sources (agriculture, boreal
forest, tundra, peat, and so on) were calculated for 2005–2018
for BC, CH4, CO, and fine particulate matter (PM2.5). As open
biomass burning emissions models are often constrained by
the satellite epoch, roughly beginning in the 1980s, we have
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provided a historical perspective from van Marle et al. (2017)
(Figure A4.3), which shows an increase in emissions from high
northern latitudes after 2000.

GFEDv4s

0.3

0.2
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A custom AMAP open biomass burning emissions model
was developed for this report (Figure A4.4). This model
improved on the other global fire emissions models
through the inclusion of higher-resolution spatial fire data
(375 meters [m] compared to 1 kilometer [km] or greater)
and region-specific land-use products for attributing fuel
type, loadings, and emission factors. The Visible Infrared
Imaging Radiometer Suite (VIIRS) active fire from day and
night detections (Oliva and Schroeder, 2015) were assumed to
completely burn each 375 m2 pixel. A ‘best-guess’ land cover
was created from three land-cover products, with a sample
validation (n = 30 locations) of land-cover type performed
for each country. Ultimately, the 750 m VIIRS Surface Type
land-cover product (Zhang et al., 2018) was used for North
America, Greenland, and the Russian Federation, augmented
by the revised 1 km Circumpolar Arctic Vegetation Map
(Raster CAVM; Raynolds et al., 2019) for missing values
in the high northern latitudes. For Norway, Sweden, and
Finland, the 10 m Land Cover Map of Europe 2017 from
the Sentinel-2 Global Land Cover Project (Data ref. 4.2)
was used. All land-cover maps were reclassified into the
International Geosphere-Biosphere Program (IGBP) classes
(Loveland et al., 1999) for ease of emissions calculations. Fuel
loadings and combustion completeness were taken from van
Leeuwen et al. (2014), with tundra values used for Greenland.
Emission factors were taken from Akagi et al. (2011), with
updates from Andreae (2019). The international scientific
community’s reliance on two main emission-factor sources
(Akagi et al., 2011; Andreae, 2019, as an update to Andreae
and Merlet, 2001) for estimates on open biomass burning
makes it challenging to carry out a robust uncertainty analysis
for fire emissions models (Pan et al., 2020).
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First, this study reports the emissions from the most
commonly cited fire emissions models: GFEDv4s, GFASv1.2,
and FINNv1.5. Most of the fire activity and emissions occur
between 50°N and 60°N, with very few emissions from open
biomass burning found between 70°N and 80°N, and no satellite
observations of fire above 80°N (Figure 4.2). The latitude
band of 50°N–60°N corresponds to the southern extent of the
boreal region. This area is experiencing increasing fires due to
climate change (de Groot et al., 2013); in summer 2017 the
most extensive wildfires in British Columbia’s history occurred
here, burning 1.2 million hectares (ha) (Kirchmeier-Young
et al., 2019). Across these three models, 2008 and 2012 are
peak years for emissions, with 2007 or 2009 having the lowest
emissions. These models have high interannual variability.
The models GFEDv4s and GFASv1.2 have a relatively high level
of agreement. While they do not use the same satellite-based
approaches to quantify fire activity, these versions mainly rely
on MODIS-based burned area (GFEDv4s) and fire radiative
power (GFASv1.2) data products, and use the same land-cover
maps to determine fire type (Kaiser et al., 2012). FINNv1.5 relies
on MODIS active fire points only to detect fires. This makes it
less capable of detecting fires than the other models – including
the AMAP custom fire emissions model which relies on VIIRS.
The VIIRS sensor is known to detect more fires than MODIS,
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Figure 4.2 Annual black carbon (BC) emissions (1 Tg = 1 million tonnes)
from three commonly used global fire emissions models, split by latitude
ranges, covering the Arctic Council region for the period 2005–2018.
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Figure 4.3 Annual 2018 BC and CH4 emissions in Tg from five global fire emissions models and a custom-built AMAP fire emissions model for the
Arctic Council region.

As well as differing in their trends, these fire emissions models
disagree in the absolute values for total emissions (Figure 4.2).
The 2005–2018 multi-model (GFED, GFAS, FINN, FEER,
QFED, and AMAP) average of annual emissions from all open
biomass burning sources is 340,000 tonnes. The years with the
highest multi-model average BC emissions are 2012, 2008,
and 2015, being 450,000 tonnes, 440,000 tonnes, and 410,000
tonnes, respectively. The years with the lowest annual average
BC emissions from across the models are 2008 and 2013, with
both at approximately 270,000 tonnes. Again, across all five
models, most fire emissions originate between 50°N–60°N.
The AMAP custom fire emissions model, produced at a finer
spatial resolution, assumes a smaller per-fire burned area than
the other fire emissions models. This may be why its emissions
outputs are lower than the other models, apart from FINN.
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including smaller and cooler fires (Oliva and Schroeder, 2015),
a capability that is important for high northern latitudes. By
relying on MODIS active fire only, FINNv1.5 underestimates
the number of fires above 60°N, as the sub-Arctic boreal
ecosystem transitions to Arctic landscapes.

To determine specific fire activity from Arctic Council Member
states, ground-based official statistics were used to report
country or sub-region burned area for circa 2019 (Table 4.1).
The Russian Federation had the highest burned area, with over
100,000 km2 burned, resulting in approximately 25.6 tonnes
of BC. In 2019, open biomass burning in European Russia –
comprising Northwestern, Central, Southern, North Caucasian,
and Volga Federal Districts – accounted for only 190 km2 of

Pre

In the 14-year emissions estimates from GFAS, GFED, and
FINN, a clear increasing trend is apparent from the mid-2000s,
with there being more emissions from fire above 60°N than
in the temperate zone of 45°N–50°N, where human-caused
burning and wildfires are common throughout North America,
Europe, and Eurasia (Figure 4.3). This trend is more pronounced
in GFED and GFAS than in FINN, although all models show
a positive trend (note the dotted line in Figure 4.2). Further,
while there is a slight positive trend for BC emissions between
50°N–60°N for FINN and GFED, GFAS indicates a decline in
emissions for this latitudinal region, which includes much of
the boreal forest (Appendix Table A4.2). Both GFED and GFAS
have larger, positive trends in BC emissions above 60°N and for
50°–60°N. Since it is based on 1 km MODIS active fire data, it
is not surprising that FINN shows a higher positive trend for
50°N–60°N than for 60°N–70°N, as the MODIS active fire
product performs less well at high northern latitudes and does
not detect cool fires, such as those from burning peat.

Table 4.1. Summary table of BC, PM2.5, CH4, SO2, and CO2 emissions from reported statistics on burned area in the Arctic Council Member states. Sources
for burned area from: Alaska Division of Forestry (2020a)a; CIFFC (2020)b; Markuse (2019)c; DSB (2020)d, SOU (2019 – in Swedish)e; Ketola (2020)f,
Data ref. 4.3g; and Data ref. 4.4h. Fuel loadings and combustion completeness came from van Leeuwen et al. (2014) for boreal forests, with tundra values
used for Greenland and temperate forests for the USA/CONUS. Emission factors were taken from GFED (Data ref. 4.6).
Country/region

Year

Official burned area
(km2)

BC (tonne)

PM2.5 (tonne)

CH4 (tonne)

SO2 (tonne)

CO2 (tonne)

USA/Alaska

2019

10,481a

2.660

81.40

31.71

5.85

8.14E+03

Canada

2019

18,389

4.667

142.81

55.63

10.27

1.43E+04

Denmark/
Greenland

2019

8c

1.27E-04

2.88E-02

6.59E-02

1.27E-03

5.04E+00

Norway

2019

0.03d

7.61E-06

2.33E-04

9.08E-05

1.68E-05

2.33E-02

Sweden

2018

250e

0.063

1.94

0.76

0.14

1.94E+02

Finland

2019

6f

0.002

0.05

0.02

0.003

4.66E+00

Russia

2019

100,785

25.579

782.72

304.90

56.27

7.83E+04

USA/CONUS

2019

18,876

10.196

342.96

96.40

12.98

2.91E+04

32.97

1,008.95

393.09

72.53

1.30E+05

Total

b

h

148,795

g
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Figure 4.4 Average black carbon (BC) emissions in Tg for 2015–2018 from three global fire emission models – GFEDv4s, FINNv1.5, and GFASv12 – split
by latitude ranges for the three biomass-burning regions.

the century, wildland fire risk is expected to increase, with
the length of fire seasons – measured in the number of days
of severe fire weather – predicted to increase by as many as
20 days for high northern latitudes using the IPCC A1B, A2,
and B1 scenarios (Flannigan et al., 2013). Similarly, Sherstyukov
and Sherstyukov (2014) predict an increase of more than 50
high fire-risk days for Russia under the RCP8.5 scenario, with
potential for the area of forest fire burned to double by 2100.
Using CMIP5 model intercomparisons, Lehtonen et al. (2016)
found that large (≥ 10 ha) boreal forest fires in Finland may
double or even triple in extent by the end of century, using
RCP4.5 and RCP8.5 scenarios, but with large inter-model
variability. Making robust predictions of the future burned
area in wildland and human-dominated landscapes for the
boreal and Arctic requires an understanding and quantitative
simulation of the major drivers of fire (specifically climate, fire
weather, ignition, fuels and human activity), including coupled
dynamics between and among these drivers (Riley et al., 2019).
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burned area (Data ref. 4.3). Approximately 98.2% of burned area
in Russia occurred in the Ural, Siberian, and Far Eastern Federal
Districts. In general, the region encompassing Fennoscandia and
European Russia had the lowest burned area and open biomass
burning emissions (Figure 4.4), with all regions experiencing
the most burning in the latitudinal band of 50°N–60°N, and
the second-most burning in 60°N–70°N. Alaska (USA) and
Canada accounted for approximately 29,000 km2 of total panArctic biomass burning and 17% of the BC emissions, with the
contiguous United States (CONUS) accounting for 24% of BC
emissions (Appendix Table A4.1). Note that while Canada and
CONUS reported similar official statistics for burned area, fires in
the temperate forests of CONUS tended to emit more emissions
than boreal ecosystems. Greenland is a novel fire regime in the
Arctic, with two relatively significant wildfires in 2017 and 2019
that accounted for more burned area and emissions than Norway
or Finland. However, in 2019, the majority of open biomass
burning and related emissions for the Arctic Council countries
originated in Siberia and the Russian Far East, followed by the
CONUS, Canada, and Alaska.
4.2.2

 limate change will increase
C
natural fire emissions

In all future climate-change scenarios, the global temperature
increases by 2100, but with regional variability. Here we
present findings for studies focusing on the high northern
latitudes. An overall increase in natural fire risk is expected
in the Arctic, as well as associated emissions. Natural fires,
caused by lightning rather than being ignited by human activity,
are estimated to increase, as lightning strikes are predicted to
increase in northern Europe and Alaska (Púčik et al., 2017;
Veraverbeke et al., 2017), respectively. Lightning strikes, fire
weather (dictated by temperature, precipitation, and relative
humidity), and fuel conditions are the controlling processes
for natural fires.
Boreal and Arctic landscapes are diverse, and thus so are
natural fires – burning habitats from forests to grasslands and
peatlands. Near-term warming will lead to more ignitions from
lightning (Veraverbeke et al., 2017), with degraded permafrost
increasing dry ground fuels, such as peat (Turetsky et al., 2015),
and fire severity (Teufel and Sushama, 2019). By the end of

Increased fire risk will not be uniform across the Pan-Arctic
(Figure 4.1). For example, thawing of the permafrost will
moisten soils (Wrona et al., 2016), reducing above- and belowground fire risk. Further, changing precipitation regimes that
deliver more rainfall in the Arctic for the months of March
through December by the end of the century under RCP8.5
projections (Bitanja and Andry, 2017) could, on the one hand,
reduce fire risk through increased wetness but, on the other
hand, increase fire risk through greater vegetation growth and/
or shifting fuel regimes.
Increased convective cloud formation has been documented
in the Russian Arctic (Chernokulsky and Esau, 2019) and the
North American boreal forest (Veraverbeke et al., 2017), with
a 5% increase in convective storms in Northern Europe (Púčik
et al., 2017). Meanwhile, 5%–20% more lightning is projected
to occur under RCP4.5, and 10%–40% under RCP8.5 (Rädler
et al., 2019), by the end of the century. Krause et al. (2014)
predict that burned area will increase by 40%–50% in the
high latitudes under RCP8.5, given predicted changes in fuel
loads, fuel moisture, and increased lightning frequency. And
end- of-century estimates made under RCP6.0 by Young et al.
(2016) for Alaska showed that summer temperature and annual
moisture are the most important climatic variables driving
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Elemental carbon concentrations case study: Arctic and
boreal Canada
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A case study of Arctic and boreal sites by Environment and
Climate Change Canada (ECCC) measured long-term observed
concentrations of elemental carbon (EC) at Alert (82°27’N,
62°31’W) and East Trout Lake (54°21’N, 104°59’W). Figure 4.5
shows the locations of these two sites. The observations were
compared with corresponding assembled GFED/CMIP6
emissions from biomass burning for Northwest Canada over
the same period of 2006–2015. Alert is mainly influenced by
emissions sources from Northern Eurasia and North America,
depending on the season (Hirdman et al., 2010; Stohl et al.,
2013; Xu et al., 2017). Biomass burning from North America
influences Alert more during summer than winter. East Trout
Lake, a boreal forest site, is largely affected in the summertime
from the widespread fires across Canada, particularly in
western Canada.
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Comparing the time series and seasonal variation of EC
from these two sites provides insight as to how biomass
burning in North America affects levels of EC transported
to the Canadian Arctic. Figure 4.6 shows a six-month means
timeseries for EC for 2006–2015. Observations from Alert
are plotted in the top panel (winter–spring: November–April;
and summer–fall: May–October); those from East Trout Lake
are shown in the middle panel; and the corresponding time
series of assembled biomass burning from GFED emissions in
CMIP6 (van Marle et al., 2017) from the upwind area of East
Trout Lake are presented in the lower panel. It is obvious that
the interannual variation of EC in the middle panel is well
correlated with the changes of biomass burning emissions
in the bottom panel (R2 = 0.89), indicating that about 90%
of the interannual changes in observed EC at the boreal East
Trout Lake site can be explained by the changes in biomass
burning emissions from the upwind area, i.e., Northwestern
Canada. It is also noticeable that the interannual variations in
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Figure 4.6 Comparison between the observed interannual seasonal
trends in EC at Alert (top panel) and East Trout Lake (mid panel), with
the corresponding assembled GFED/CMIP6 emissions from the upwind
area (bottom panel) for the period 2006–2015. There is good correlation
between the variables in the lower two panels: y=0.001x + 0.110 (R2 = 0.89),
where y is EC concentration in the middle panel, and x is the BC emissions
in the lower panel. Data source: Rodríguez et al., 2020.

Alert

Old Crow

EC at Alert in the top panel differ greatly from those observed
at East Trout Lake in both winter–spring and summer–fall
seasons. This may imply that the interannual variations of
EC at Alert were not due to the impacts of biomass burning
in North America.

Mackenzie Delta

Whitehorse

Estevan
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East Trout Lake

Whistler
mountain

Fraserdale

Egbert

Toronto

Figure 4.5 The carbonaceous aerosols sampling network for EC/OC and
carbon isotope measurements used by ECCC, showing the locations of the
Alert and East Trout Lake sites discussed in the text.

Comparing the seasonal variability of EC monthly means from
East Trout Lake with biomass burning emissions, Figure 4.7
shows that the seasonal variation of atmospheric EC at this
boreal site is well correlated with the corresponding profile of
GFED/CMIP6 biomass burning emissions (R2 = 0.93). This
suggests that more than 90% of the possibility of EC seasonal
variability at East Trout Lake was caused by the biomass
emissions from the upwind area. Seasonal variation in EC
at Alert (top panel) shows an opposite pattern from that of
East Trout Lake (middle panel), with the relatively higher
concentrations during winter–spring months and relatively
lower concentrations during summer–fall months. The seasonal
variabilities are likely due to planetary boundary layer (PBL)
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Climate-induced vegetation shifts, which would also modify
fire risk and related emissions, present a complex matrix
for the Arctic Council Member states. Predictions of boreal
forest transition to deciduous forest stands would decrease
fire risk in eastern Canada and Interior Alaska (Terrier et al.,
2013; Foster et al., 2019; Mekonnen et al., 2019). Using three
decades of Landsat imagery at 30 m resolution, Wang et al.
(2020) found that these trends are already occurring in Alaska
and northwestern Canada, as climate shifts drive grass and
shrub expansion in the Arctic, and wildfires drive most of the
evergreen forest reduction and deciduous forest expansion in
the boreal sub-Arctic region. Further work in mature deciduous
forests of Interior Alaska show that current canopy ‘gaps’ are
related to ecological shifts to evergreen shrubs, lichens, and
mosses. These small patches of highly flammable coniferous
species within low flammability deciduous stands are increasing
overall fire risk (Alexander and Mack, 2017).
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1200

the likelihood of new wildland fire regimes in tundra and the
boreal forest-tundra transition zone. In general, lightning
frequency is expected to increase over areas north of 50°N.
The strongest relative increase is approximately 100% – across
far northern Europe under RCP8.5 scenario by the end of the
century (Groenemeijer et al., 2016). Moreover, since summers
are expected to become drier in the future, the relative role
of lightning as an ignition source for wildfires may increase
across northern Europe. These future models align with lessons
learned from studies of historical drivers of natural fires in the
Arctic region. Meta-analysis of palaeofires during the Holocene
(4,000 BP–200 BP), for the boreal zone of North America and
Fennoscandia, suggests that general trends in boreal biomass
burning were primarily controlled by climatic changes – mainly
mean annual precipitation in Alaska, northern Quebec, and
northern Fennoscandia, and summer temperatures in central
Canada and central Fennoscandia (Molinari et al., 2018).
The composition of boreal needleleaf evergreen fuel at the
landscape-level across Alaska, and central and southern
Fennoscandia, was secondary to climatic controls.
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Figure 4.7 Comparison of the observed seasonal variations in EC at
Alert (top panel) and East Trout Lake (ETL; middle panel), with the
corresponding assembled GFED/CMIP6 emissions from the upwind area
(bottom panel) for the period of 2006–2015; ‘Y’ in the regression equation
is EC concentrations in middle panel, whereas ‘X’ is BC emissions in the
bottom panel, indicating that there is a good correlation between the two
variables. Data source: Rodríguez et al., 2020.

dynamics, and a higher scavenging rate by precipitation during
summer months. The small peak apparent in July implies that,
while EC emitted from biomass burning in North America
is not the main source of the EC concentration seen in the
Arctic overall, the influence of EC emitted by biomass burning
during summer seasons in North America could not be ruled
out, taking account of the fact that a larger portion of EC was
removed via precipitation and aerosol-cloud interactions
while transported towards Alert. Using 14C measurements in
conjunction with the Lagrangian dispersion model provides a
way to further quantify the relative fraction of pollutants from
biomass burning transferred to the Arctic region.

Climate change may have both positive and negative impacts on
boreal forests and forestry (Reyer et al., 2017). Further, changes
may be positive in the near future, but become negative in the
mid- and long-term. In general, climate change accelerates
forest growth at high northern latitudes by lengthening
the growing season. Moreover, elevated CO2 concentration
decreases transpiration and increases photosynthetic rate, also
enhancing forest growth (Peltola et al., 2002; Ellsworth et al.,
2012; Kellomäki et al., 2018). However, abiotic and biotic damage
may have the opposite effect (Seidl et al., 2014). For example,
drought increases the risk of forest fires, but also negatively affects
the growth of Norway spruce (Picea abies) and exposes trees to
biotic damage. Late winter temperature increases in southern
Siberia (at 45°N–55°N) are associated with early snowmelt, early
green-up and establishment of ground vegetation in larch (Larix
spp.) forests, drier air conditions, and increased early-season
fires in March and April (Kim et al., 2020). Masrur et al. (2018)
found that, for circumpolar tundra landscapes, an increase in
winter surface temperature increased the likelihood of wildfires
occurring during the following summer, while a decrease in
average winter surface precipitation and soil moisture were
associated with higher-intensity wildfire events. Damage from
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snow is estimated to increase in northeastern Europe but to
decrease elsewhere in Europe by the end of the century under
RCP4.5 and RCP8.5 (Gronemeijer et al., 2016). Wind damage
risk is expected to increase, due to the shortening of the soil frost
period (Venäläinen et al., 2020).
4.2.3

 missions from human-caused open
E
biomass burning

Unusual open fires were observed by pilots in western
Greenland and confirmed by satellite imagery between
31 July and 21 August 2017, after a period of warm, dry
and sunny weather. The fires burned more than 2000 ha
of high-carbon soils (most likely peat, due to smouldering
and fire-spread behavior), which had become vulnerable
due to degradation of the permafrost (Daanen et al.,
2011). Evangeliou et al. (2019) estimated that the wildfire
consumed around 117 kilotons (kt; 1 kiloton = 1000 tonnes)
carbon (C) fuel, and emitted about 23.5 tonnes of BC and
731 tonnes of OC (including 141 tonnes of brown carbon
[BrC]). Although these fires were small compared to fires
burning at the same time in North America and Eurasia,
a large fraction (30%) of the BC, OC and BrC emitted was
deposited on the Greenland ice sheet. Measurements of
aerosol optical depth (AOD) in western Greenland showed
that the air was strongly affected by the Canadian forest
fires. Even so, the Greenland fires had an observable
impact, doubling the column concentrations of BC. The
spatiotemporal evolution and, in particular, the top height
of the plume was confirmed using the vertical cross-section
of total attenuated backscatter (at 532 nanometers) from
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO-CALIOP) Lidar. The maximum
albedo change due to BC and BrC deposition from the
Greenland fires was 0.007, (albedo varies between 0 [black =
absorbs all energy] and 1 [white = reflects all energy]) while
the average instantaneous ‘bottom of the atmosphere’ (BOA)
radiative forcing over Greenland at noon on 31 August 2017
(post-fire) was between 0.03 and 0.04 W/m2, with locally
occurring maxima up to 0.77 W/m2. The summer 2017 fires
in Greenland had a small impact on the Greenland ice sheet,
causing almost negligible extra radiative forcing. This was
due to the relatively small – in a global context – size of
the fires. However, with 30% of the emissions deposited on
the Greenland ice sheet, the 2017 Greenland wildfires were
very efficient climate forcers on a per-unit emissions basis.
Thus, while the fires in 2017 were small on a global scale, if
the expected future warming of the Arctic produces more
and larger fires in Greenland (Keegan et al., 2014), this may
cause substantial albedo changes and, in turn, potentially
contribute to accelerated melting of the Greenland ice sheet.
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Open biomass burning from anthropogenic activities, such
as agriculture, forestry, and energy-related extraction and
production – as well as from accidental ignition – will increase
in boreal areas and the Arctic, as climate change facilitates
the northward expansion of human-dominated landscapes,
increasing potential ignition sources (Figure 4.1). The 2019
wildfire that occurred in Greenland was caused when a campfire
ignited dry ground near a public camping site on the worldrenowned Arctic Circle Trail (McGwinn, 2019). This incident
indicates that tourism will need to adapt to the increased fire
risk in tundra landscapes. Greenland wildfires in 2017 and
2019 occurred during warm, dry, and sunny summers. The
areas that burned were east of Sisimiut, in tundra areas that
had low vegetation cover and degraded permafrost but highcarbon soils (Evangeliou et al., 2019). Timber logging and site
preparation currently cause large wildfires in boreal landscapes,
including the 2014 Västmanland fire – the largest single wildfire
event in Sweden’s history (Lidskog et al., 2019). Northward
agricultural expansion will likely increase human-caused
agricultural burning, as wheat and maize become established
in previously permafrost areas of West Siberia (Parfenova et al.,
2019) and expand into the cold regions of the boreal zone
(King et al., 2018). Cultivation could even potentially expand
up to the Arctic Circle from Central Siberia (Tchebakova et al.,
2016). Of course, this northward agricultural expansion will
be controlled by local conditions, with inferior soils, existing
land uses incompatible with agricultural conversion, and
unsuitable topography presenting potential limitations (Ioffe
and Nefedova, 2004; Dronin and Kirilenko, 2011).

Novel Arctic fire regime case study: Greenland

4.2.4

 limate change will increase non-forest
C
fire emissions

Under RCP8.5, Stralberg et al. (2018) estimated that by 2100,
grasslands will replace much of the upland conifer, mixed
forests, and deciduous forests for a large area of the boreal
forest zone of northern Alberta. Shorter fire-return intervals
combined with climate change-induced drought will reduce
the capacity of evergreen and broadleaf species to re-seed and/
or re-establish after wildfires, leading grassland ecosystems to
expand in present-day northern Canadian forests (Whitman
et al., 2019). The wider presence of grass-dominated landscapes
would create a new fire regime of frequent but low-severity
fires, with short-lived climate pollutants (SLCPs) and SLCFs
likely being transported to the Arctic in the spring months
of March to May (Hall and Loboda, 2018). Grassland fires
produce less energy, with smoke plumes similar to cropresidue burning that are unlikely to breach the tropopause
and cause consistent, year-round transport of smoke to the
Arctic (Hall and Loboda, 2017), unlike the current observed
deposition from boreal forest fires in the Arctic (Thomas et al.,
2017). Further, Smirnov et al. (2015) found that forest fires in

European Russia during 2008–2012 occurred mainly in June
and August, with Siberia and the Russian Far East being the
main sources of BC emissions during a time when transport
to the Arctic is unfavorable. In the Sakha Republic, Kirillina
et al. (2020) found that since 2011, fire seasons have, on average,
been 13 days longer than previously, and that since 2009, fire
seasons have started earlier in April than in previous years.
Peak fire occurrence across the three-month period of May
to July persists in Sakha. This indicates that BC from earlyseason burning in and near Arctic Siberia could be available
for transport. This is also relevant because Arctic snow and
sea-ice coverage are much more widespread in the early burning
season than late season. Emission factors for biomass burning
in grassland and steppe ecosystems are different from those
of boreal forests (Akagi et al., 2011; Andreae, 2019), which
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potentially implies different impacts on atmospheric chemistry
and SLCPs. Therefore, while boreal forest fires emit more SLCPs
than grasslands and cropland fires, the springtime burning
of northern grasslands, peatlands, and croplands – often
human-caused – means these emissions are more likely to be
transported to the Arctic than summertime forest fires.

int

Peatland fires are more likely in dry conditions, but smouldering
can persist in wet soils (Turetsky et al., 2015). Using the RCP8.5
scenario, Teufel and Sushama (2019) estimated that a 2.0°C
temperature increase would be reached around 2031, causing
42% of pan-Arctic permafrost to abruptly degrade, and
increasing fire severity in Russia, Canada, and Alaska (Figure
4.1). However, O’Neill et al. (2020) noted that long-term field
observations in the Canadian boreal and Arctic regions did not
reflect this abrupt shift to degraded and dry soils, but rather
increased soil wetness. This phenomenon – which would
decrease fire risk, particularly for peat – was likely missed by
the model assumptions used by Teufel and Sushama (2019).

and cultural resources, and communities” more effectively
than by managing fire risk through suppression and/or efforts
to eliminate all fire from the landscape, including novel fire
landscapes caused by warming in the Arctic. Privately owned
grassy tussock tundra and dwarf shrub tundra vegetation types
are more likely to burn than low shrub tundra in Alaska (Hu
et al., 2015), showing relatively rapid vegetation re-greening
within a decade after burning for grassy tussock tundra and
dwarf shrub tundra (Rocha et al., 2012). Prescribed burning
could therefore be effective in fuel management for tussock
and dwarf shrub landscapes of the tundra. In boreal forest
and forest-tundra landscapes, mulching treatments that
convert canopy and surface fuels to a masticated fuel bed can
limit peat burn depth in black spruce (Picea mariana) stands
(Wilkinson et al., 2018). However, managing fuels will be more
complicated in dried and degraded peatlands outside of these
vegetation zones.
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Surface fires can cause permafrost to thaw, producing
thermokarst lakes (Jones et al., 2015), which previously have
been considered to reduce fire risk (Sofronov et al., 2000).
However, they are not perfect fire breaks, as wildfires can ‘jump’
over these lakes (Sofronov and Volokitina, 2010). Under RCP4.5
and RCP8.5, wildfire emissions of BC, CO, NOx, PM2.5, and SO2
could exceed anthropogenic emissions in northeastern Europe
by 2090, including Sweden and Finland (Knorr et al., 2016).
There is a clear consensus that prolonged fire seasons will become
more common, increasing in the eastern boreal forests of Canada
(Boulanger et al., 2013); central and northwestern Canada
(Boulanger et al., 2014); and European Russia (particularly
Karelia and Leningradskaya), West Siberia, and the Far East
(Sherstyukov and Sherstyukov, 2014). Wang et al. (2017) noted
that a recent increase in the fire season in Canada had led to a
rise in the total number of fire-spread days, resulting in large
increases in total fire size and emissions for early-season fires.
An example is the human-caused Fort McMurray megafire in
Alberta, which burned both forests and peatlands (Hanes et al.,
2019). A longer fire season, starting earlier in spring and lasting
later into autumn, would bring increased potential for more and
larger fire emissions throughout the season. Further, suppression
of wildfires in Canadian boreal communities has increased the
likelihood of flammability (Parisien et al., 2020), suggesting
that other wildland-urban interfaces in the Arctic region may
have similar risks due to long-term aggressive fire suppression.

The effectiveness of prescribed burning for peatlands is unclear.
Peat fire risk and burn depth, however, is influenced less by
canopy and ground vegetation and more by soil bulk density
(which affects the availability of air in soils), water-table depth,
and precipitation (Kieft et al., 2016). After devastating fires in
2010 in the Moscow region, the regional government undertook
an ambitious 70,000 ha peatland rewetting project to reduce
fire risk (Sirin et al., 2014), a landscape-scale process that
can be monitored using existing Earth observation sensors
at the moderate resolution (30 m Landsat to 10 m Sentinel-2;
Sirin et al., 2018). To date, the effectiveness of this campaign
is unclear but, in practical terms, it should reduce fire risk. In
the larger context of CH4, Günther et al. (2020) used a radiative
forcing model to determine that CH4 emissions from rewetting
peatlands were less significant in the short-term than the CO2
emissions from degraded or drained peatlands increasing longterm warming when rewetting is postponed.
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Adaptive management strategies of the timber industry in
Fennoscandia could also reduce fire risk. Intensive management
to maintain ditch networks and fertilize drained peatlands will
increase timber values while also rewetting the peat (Ahtikoski
and Hökkä, 2019). Prescribed burning for silvicultural retention,
and maintaining and regenerating pure stands, can also reduce
fuel loadings while increasing biodiversity (Lindberg et al., 2020).

4.2.5

 ire management and open biomass
F
burning emissions in the Arctic

Current fire management is being addressed in future
work planned under the Arctic Council’s Working Group
on Emergency Prevention, Preparedness and Response
(EPPR) and work by other relevant Arctic Council groups,
with leadership and contributions from the six Permanent
Participants who represent Arctic Indigenous peoples. Below
are some specific considerations of fire management in the
context of understanding and managing emissions.
McWethy et al. (2019) argued that active “fuels management,
prescribed fires and allowing wildfires to burn under moderate
fire weather conditions will protect and promote ecological

The variable with the highest uncertainty is people – both
as ignition sources and in determining how demographic,
migration, and/or development patterns in these changing
landscapes will affect fire activity and related emissions
(Robinne et al. 2016; Reilly et al. 2019). For example, consider
agricultural landscapes as one source of fire. Expanding climatedriven agricultural frontiers in the high northern latitudes
under the RCP8.5 scenario for 2060–2080 could add 8.5 million
km2 of new croplands in Canada and Russia alone, expanding
wheat and maize production into areas with carbon-rich or
peat soils (Hannah et al., 2020). Further, Parfenova et al. (2019)
found crop growing conditions would be established in the
permafrost zone of West Siberia under RCP2.6 and RCP8.5 by
2080, favorable for wheat and maize production. These crops
are commonly managed via open burning practices in the USA,
eastern Europe, and Russia (Kutcher and Malhi, 2010; McCarty
et al., 2017; Theesfeld and Jelinek, 2017; Shiwakoti et al., 2019).
While open agricultural burning in Canada is minor (ECCC,
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2020 – see Annex 3, Section A3.4.7), recent research estimated
that the risk of wildfires from the spread of agricultural burning
peaks in Alberta in late April and early May (Thompson and
Morrison, 2020). Thus, seasonality of burns and management
of croplands, grasslands, and deciduous forests may occur at
times when transport of emissions to the Arctic is likely, in
other words in late winter and early spring for Russia (Hall
and Loboda, 2018; Qi and Wang, 2020), and Canada and north
central USA (Viatte et al., 2015), respectively.

in future open biomass
burning emissions

int

4.3 Uncertainties

fire radiative power (Liu et al., 2020). In the Arctic, as in
other northern regions, satellite-based observations tend
to underestimate open burning in agricultural landscapes,
forest-surface fires and smouldering peat fires. For example,
Zhu et al. (2017) found that current emissions inventories
based on satellite-derived products of burned area, such
as GFEDv4, underestimated human-caused burning in
agricultural landscapes and mixed forests in Eurasia between
50°N–65°N by around 2,100 km2 annually for 12 regions
of interest. This indicates that the actual burned area from
anthropogenic sources in the Eurasian boreal zone is currently
underestimated by as much as 16%.
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Uncertainties in emissions from fires in the boreal and Arctic
remain, due to complexities in the fire regimes. For example,
peat fires can smoulder for months, years, or even decades (Hu
et al., 2018), burning laterally and vertically below the surface,
appearing to be extinguished, but releasing smoke at the surface
in locations away from the original ignition site. In Alaska,
this phenomenon is referred to as ‘holdover’, ‘overwintered’
or ‘zombie’ fires. Such fires are difficult to allocate to a single –
albeit complex – fire event from cumulative satellite active-fire
and burned-area pixels. In April 2020, the Alaska Division of
Forestry was monitoring several active smoldering peat fires
from the ~5 km2 Deshka Landing Fire of August 2019 that had
overwintered near Willow, Alaska, despite heavy snow melt
(Alaska Division of Forestry, 2020b). Preliminary results by
Scholten and Veraverbeke (2020) indicated that overwintering
fires were more likely to be holdovers from high-severity fires,
emerging more frequently in lowland black spruce-dominated
forests. While zombie or holdover fires are an interesting
phenomenon in Arctic peat systems, improving estimates of BC
emissions from wildland and human-caused fires – particularly
peat fires in the boreal and Arctic, – should be a priority in
terms of filling data gaps.

Surface fires under forest canopies dominate fire regimes
in much of northern Eurasia, but are not well quantified in
current satellite-based burned-area products (Duncan et al.,
2020) and thus emissions inventories. Smouldering fires in
carbon-rich humus and peat landscapes are difficult to detect,
as smouldering combustion occurs at much lower temperatures
than flaming combustion; 500°C–700°C versus 1500°C–1800°C,
respectively (Rein et al. 2008). Daily, global observations of lowintensity fire from existing satellite systems are limited currently
to VIIRS (Johnston et al., 2018). Smouldering fires in Arctic
landscapes can be mapped via regionally-tuned algorithms
that have been designed to ingest daily active-fire detections
from multispectral VIIRS (Waigl et al., 2017) and hyperspectral
Hyperion (Waigl et al., 2019). In general, it is difficult for
satellites and drones to detect (Burke et al., 2019) smouldering
peat fires because these ground fires are low temperature and
can burn underground and re-emerge in new locations (Rein,
2016). The coarse resolution (>1 km) of global satellite sensors,
and obstructive canopy and cloud cover add further constraints
to detecting fires. (Johnston et al., 2018).
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Fire emissions models are often based on satellite observations,
with ground-based information, such as country-reported
statistics, often needed to validate the results. There has
consistently been little correlation between satellite-derived
and official estimates of burned area (Fusco et al., 2019).
Loepfe et al. (2012) found that multiple satellite fire products
had high correlation with official reports of burned areas for
Sweden, but little-to-no correlation with official statistics for
Finland. And agreement between official Russian burned-area
statistics from fires in Siberian forests and four satellite-based
burned-area products was less than 10% (Kukavskaya et al.,
2013). The Global Wildfire Information System (GWIS), a
joint program between the Group on Earth Observations
(GEO), the European Union’s earth observation programme
Copernicus, and the US National Aeronautics and Space
Administration, uses the MODIS MOD64A1 Collection 6
Burned Area product (Giglio et al., 2018) to create country-

4.3.1

Satellite-based fire emissions

Earth observations from satellite products are powerful tools
for forecasting (Pickell et al., 2017), improving rapid-response
post-fire modelling (Miller et al., 2017), and quantifying
fire in the boreal and Arctic regions (Hislop et al., 2020).
Uncertainties in satellite-based emissions estimates are
driven by the availability and quality of fire-activity data
from satellite- and ground-based sources, as well as imperfect
knowledge of vegetation types and cover, fuel conditions and
loadings, and emission factors. Current global fire emissions
inventories rely on satellite-derived fire activity from detected
active fires, mapping of burned areas, and calculations of

Table 4.2 Burned area and black carbon (BC) emissions from official burned-area statistics compared to Global Wildfire Information System satellitederived burned area (Data ref. 4.5) and calculated BC emissions. The fuel loadings, emission factor, and combustion completeness used in Table 4.1 were
also used for making these emissions calculations.
Country

Year

Official burned area
(km2)

GWIS burned area
(km2)

BC (tonne) from official
estimate

BC (tonne) from GWIS

Norway

2019

0.03

13

7.61E-06

3.30E-03

Sweden

2018

250

154

0.063

0.039

Finland

2019

6

28

0.002

0.007
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level burned-area statistics. GWIS’s satellite-derived estimate
for burned area overestimates open biomass burning in
both Norway and Finland by 199% and 129%, respectively,
when compared to official statistics. GWIS underestimates
by approximately 48% the total open biomass burning in
Sweden. Note, this comparison was done for one year only,
and comparisons of satellite and official burned-area data
should be made over a longer time period to determine if
this disagreement persists.

 limate-driven ignitions, vegetation
C
shifts, and fuel conditions

int

4.3.2

days where the intensity of wildfires (i.e., crown fires) in the
Canadian boreal zone will be practically unmanageable by
ground crews, even if supported by aerial support, such as water
bombers. Emissions from such functionally uncontrollable fires
– megafires – in boreal forests are not well quantified. This is
due to uncertainties in combustion-efficiency observations and
estimates (Xu et al., 2020), and the lack of fine-scale burnedarea products that account for small waterbodies and have the
capacity to map combustion in ‘wet’, intermediate drainage,
high-carbon soils that are often dominated by species such as
black spruce (Picea mariana) (Walker et al., 2018). Shvetsov et al.
(2019) found that the combination of high fire frequency and
positive surface temperature anomalies in the Zabaikal region
of southern Siberia was more likely to negatively affect post-fire
reforestation than severe burns – which actually had higher
rates of vegetation recovery.
Smoke injection and detrainment height are critical for
estimating the transport of smoke plumes (Sokolik et al., 2019).
Detrainment occurs when turbulence moves smoke particles
beyond plume boundaries or when the smoke plume is weak
enough to be torn apart by turbulence of the surrounding air.
For accurate plume transport estimates, current satellite-based
injection-height models must model smoke detrainment (Val
Martin et al., 2018), with direct observations of detrainment
height used to determine the transport and deposition capacity
of a smoke plume (Sokolik et al., 2019). Yu et al. (2019) found
that a wildfire in August 2017 in British Columbia, Canada,
produced a pyrocumulonimbus event that injected smoke into
the stratosphere. The initial smoke injection height of 12 km
eventually rose to 23 km in the atmosphere, due to solar heating
of BC over a two-month period.
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Ignition likelihood is often modeled by considering the
moisture conditions of ground fuels (i.e., litter) and the organic
layer (i.e., forest canopy), with humans the most likely source of
fire on the ground, and lightning for canopy fires (Wotton et al.
2003). Veraverbeke et al. (2017) introduced a self-reinforcing
feedback loop between climate, lightning, fires and northward
forest expansion, in which surface energy fluxes from forests
appeared to be statistically increasing the probability of
lightning in Alaska. Just as warming from climate change
increases lightning, it also facilitates northward expansion of
the forest via the thawing of permafrost and fires that consume
a layer of organic matter. This alters the soil composition to
expose mineral soil, making it easier for saplings to take root.
These additional trees in the north not only produce more
fuel for future fires, but increase surface albedo, encouraging
more melting and increasing the potential for lightning-caused
fires. Predicting lightning for the Pan-Arctic will require
more measurements, including region-specific assessments
(Mäkelä et al., 2014), to best understand where climate change
is increasing lightning (Witze, 2021).
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Many forest insects responsible for killing trees will benefit
from climate change due to the established linkage of increased
habitat range and higher winter temperatures (Pureswaran
et al., 2018). Such climate-driven ‘bug kill’ increases the amount
of easily burnable material in forests and can influence fire risk.
For example, a large-scale bark beetle invasion could increase
the amount of fuels by adding to the amount of dead wood,
increasing ignition and crown-fire risk, as well as increasing
the need for, danger from, and cost of managing fuels and
fire within forests attacked by insects. (Jenkins et al., 2014).
According to Venäläinen et al. (2020), a warming climate is
likely to increase the risk of bark beetle outbreaks, as well as
wood decay caused by Heterobasidion spp. root rot in Finland’s
coniferous forests. Moreover, the probability of cascading and
compounding forest-damaging events – such as large-scale
wind damage followed by a widespread bark beetle outbreak
– may increase significantly in the future for the high northern
latitudes. This may all contribute to increasing fuels available
for fires.

Further, most research to date has focused on the transport
of BC to the Arctic from open burning of agricultural fields
and grasslands in eastern Europe and Russia during the late
winter and early spring (Hall and Loboda, 2017; Qi and Wang,
2020). Because of this limited geographical and temporal focus,
uncertainties must still exist in quantifying the impacts of
human-caused burning on transport for much of northern
Europe, Canada, and the USA (Viatte et al., 2015), particularly as
many modeling studies have relied on broad ecoregion datasets
(i.e., Olson et al., 2001) to attribute the potential biomass fuel
sources of observed deposits.

4.3.3

 onstraining fire intensity and plume
C
injection height for fire emissions

Projections of future fire emissions in the boreal zone must
consider fire intensity. Wotton et al. (2017) found that, by midto late-century, under both RCP4.5 and RCP8.5 scenarios,
a typical fire season will have approximately 24 additional

4.3.4

 ore future fires in boreal and Arctic
M
peatlands, but where and how much?

Peat smouldering can emit large quantities of smoke,
contributing to hazardous air quality (Hu et al., 2018). However,
current global fire emissions inventories underestimate peat
fires, as forest fuel types currently drive fuel maps and profiles
(Liu et al., 2020). Peatland fires in the boreal zone are not well
quantified in terms of fuel loadings (Van Leuwen et al., 2014).
High uncertainty in emission factors for boreal peat fires (Hu
et al., 2018) has led to improved laboratory-derived emission
factors, which were calculated using peat sampled from Russia
and Alaska (Watson et al., 2019).
With a warming climate comes a risk of increasing peatland
and ‘legacy carbon’ fires (Ingram et al., 2019) in boreal forests.
This is particularly the case in stands younger than 60 years,

48

AMAP Assessment 2021: Impacts of Short-lived Climate Forcers on Arctic Climate, Air Quality, and Human Health

resilience of post-fire permafrost that exist for larch-dominated
forests (Larix spp.) in Siberia. For example, recent work in Sakha
Republic found that a 36 km2 wildfire in a landscape of open
larch with shrub and moss lichen, some 25 km northwest of the
Batagaika megaslump, resulted in approximately 3.5 million m3
of permafrost thaw five years later (Yanagiya & Furuya, 2020).
Likewise, uncertainties persist as to the resilience of permafrost,
post-fire, in the boreal forests of eastern Canada, such as Quebec
and Labrador (Holloway et al., 2020).
The IPCC Special Report on the Ocean and the Cryosphere in
a Changing Climate (IPCC, 2019) concluded with very high
confidence that permafrost thaw and degradation will increase
throughout the 21st century. However, exact quantification
is still lacking. This certainty of degradation but uncertainty
in how much and where is an important consideration
regarding future fire emissions in the Arctic Council region.
For example, while not all permafrost is confined to peatlands,
many discontinuous permafrost sites are dominated by
peatlands in Canada Estop-Aragonés et al., 2018; Gibson et al.,
2018), Russia (Hugelius et al., 2014), and Sweden (Chang et al.,
2019), with recent work estimating that approximately half of
all northern peatland carbon is presently in soils classified as
permafrost (Hugelius et al., 2020). Further, current climate
models may be missing the link between melting soil ice
– sometimes referred to as thermokarst processes – and
potential permafrost degradation of the currently stable and
carbon-rich northeast Siberian Arctic lowlands (NESAL).
When thermokarst processes were combined with increased
temperature projections in numerical modelling by Nitzbon
et al. (2020), the results indicated that a threefold increase
of permafrost thaw could be expected in the NESAL region
by 2100 under RCP4.5, potentially increasing the amount of
peat fuels in a region already experiencing high fire activity.
Combining current peatland distribution maps with newer
modeled datasets of predicted mid-century and late-century
permafrost extent and geohazard indices under climateforcing scenarios (Karjalainen et al., 2019) can reduce
uncertainties to determine: 1) increased peat-fire risk and
locations due to permafrost melt; and 2) decreased capability
to deploy ground-level wildland firefighting, thus limiting
ability to control future peat fires and fire emissions in the
Pan-Arctic.
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where drying limits the resilience of the carbon-rich soils
(Walker et al., 2019), and in drying fen watersheds near large
settlements. The Horse River/Fort McMurray fire that occurred
in May 2016 – the costliest wildfire in Canada’s history – is
an example of the latter (Elmes et al., 2018). Future estimates
for emissions from peat fires will need to be informed by the
location and condition of these carbon-rich soils, particularly
as forecast moderate-to-severe droughts in boreal peatlands
in western Canada are expected to increase fire size by over
500% (Thompson et al., 2019). Presently, pan-Arctic maps of
peatlands are still incomplete (Yu et al., 2010; Xu et al., 2018),
but improving (Hugelius et al., 2020).
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Climate adaptation and mitigation efforts, such as to restore
or rewet peatlands, do not eliminate the risk of wildland fire in
peat landscapes, nor rule-out the use of fire as a management
tool (Davies et al., 2016). Thus, estimates of future fire emissions
will need to assimilate complexities associated with peatfuel conditions and loadings. For example, restoring peat is
not a linear process, with results from Canada showing that
between one and two decades are needed to restore and rewet
degraded peatlands that have residual peat and vegetation
in order to ‘seed’ the sites (Nugent et al., 2019). Until these
restored peatlands have sufficient moisture and vegetation
cover, they remain susceptible to fire risk (Gewin, 2020). Burn
depth in peat can be limited in naturally wet and rewetted
peatlands if the surface maintains a high moisture content via
hydrological and vegetation processes (Granath et al., 2016).
Maintaining these needed hydrological processes is difficult
for degraded, unmanaged peatlands. In Alberta, wildland peat
sites lacking constant sources of water and depositional inputs
(such as sand, sediment and detritus that would replenish
high-carbon soils) experienced severe burning on the margins
(Ingram et al., 2019), while Wilkinson et al. (2019) found that
forested peatland margins were extremely vulnerable to peat
smouldering combustion, especially in previously burned areas
without a fire for 60 or more years. Ronkainen et al. (2013)
expected that a warmer climate would lower water tables
via evapotranspiration in unmanaged peatlands in Finland,
thus increasing wildfire risk. Further, Thompson et al. (2019)
estimated that fragmented dry peatlands would act as fire
corridors between more flammable upland vegetation types,
creating a landscape mechanism to increase fire sizes. Producing
more complete estimates of fuel loadings for peatlands across
the Arctic region can follow methodologies set by Johnston
et al. (2015) to augment dynamic boreal and taiga fuel loadings,
such as provided by Ivanova et al. (2020).
4.3.5

Uncertainties in permafrost degradation

Permafrost areas, especially at their southern distributions, are
being disturbed by wildfires (Holloway et al., 2020). In Alaska
and northwestern Canada, the impacts of wildfire disturbances
on permafrost have been well quantified. For example, post-fire
permafrost change in Alaska showed greater surface warming
in boreal sites than tundra, with surface temperatures higher for
previously burned sites than unburned sites, even after vegetation
recovered for one to four decades (Jiang et al., 2015). Though
the vast majority of fires in the continuous and discontinuous
permafrost zones occur in deciduous needleleaf forests (Loranty
et al., 2016), work is needed to fill knowledge gaps on the

4.3.6

 he role of people in future Pan-Arctic
T
fire regimes

The impact of humans on fire risk is dependent on local- to
national-scale actions that may increase fire and emissions
via deforestation, transportation networks, energy extraction,
and agricultural open burning, as well as decrease fire and
fire emissions via active suppression. Riley et al. (2019) noted
that humans on the global scale have been able to disrupt
and sometimes uncouple the direct relationship between
temperature and biomass burning, and asked “is there a
threshold in the magnitude of climate change after which
humans will no longer be able to affect this relationship?”
More input from the Permanent Participants on Indigenous
burning practices could clarify some of these uncertainties.
As elsewhere, while human activity in the boreal and Arctic
may be a significant ignition source, human proximity tends
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Boreal and Arctic landscapes are complex, with high levels
of localized heterogeneity, complex and endemic vegetation
types, and diverse communities (Raynolds et al., 2019), and
topography. Estimates of future fire emissions will need
to integrate multiple datasets to accurately quantify fires
in the Arctic (Masrur et al., 2018), incorporating data on
climate, permafrost conditions, aboveground and peat fuels,
topography, land use, Indigenous and local fire management,
and ignition sources. In the short-term, better understanding
of the differences between official estimates of fire activity
based on ground reports (bottom-up) and Earth observation
estimates of fire activity (top-down) is needed to achieve
accurate assessment of emissions. Importantly, the official
statistics offer a different view of fire activity and emissions.
Calculating future open biomass burning emissions will need
improved satellite-based fire-detection methodologies for the
Arctic region, fire model intercomparisons (with a potential
to learn from the ongoing international coordination and
multi-scale and local to global evaluation efforts of the Fire
Model Intercomparison Project [FireMIP]), and also shorter
latency in ground reports and statistics from official agencies.
An additional research priority is to identify and quantify
specific drivers of fire across heterogenous boreal and Arctic
landscapes, countries, and ignition sources. Further, policyrelevant research needs to quantify not only emissions but
the transport of pollutants – especially BC – from fires in
the Arctic (and from Arctic states) that have an impact on
the Arctic, ideally accounting for errors and uncertainties.
Understanding of the likelihood of Arctic and boreal fire
emissions and transport in the near-term, by mid-century,
and by end-of-century is also needed, building on current
estimates of 12%–15% of annual BC deposition in the Arctic
from forest fires in the source regions of Siberia, Alaska, and
Canada when compared to global anthropogenic and biomass
emissions (Ikeda et al., 2017). It should be noted that these
source regions experience BC deposition due to transport
from Eurasia, East Asia, and North America.

4.4 Summary
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to reduce the area burned because of effective fire suppression;
as a result, remote fires ignited by lightning lead to larger areas
being burned. In Interior Alaska, where lightning-caused fires
accounted for 95% of total burned area (Veraverbeke et al.
2017), 52% of total ignitions were human in origin but occurred
in areas of high fire suppression; as a result that they contributed
only 5% of total burned area from 1990 to 2016 (Calef et al.
2017). Archard et al. (2008) estimated that 65% of all forest
fires in the Russian Federation were caused by human ignition,
while a more recent study found that approximately half of
all the fires in Sakha Republic were caused by anthropogenic
activities (Kirillina et al., 2020). Throughout boreal Canada,
anthropogenic factors increase fire probability (Parisien et al.,
2016), with humans igniting most fires close to roads but
lightning-caused fires responsible for the majority of burned
area in remote areas (Gralewicz et al., 2012). Blouin et al. (2016)
found that 45% of wildfires in Alberta were started by lightning,
but were responsible for 71% of the burned area. In Finland,
lightning-caused fires account for less than 15% of forest fires
(Larjavaara et al., 2005). Machines used for forestry operations
in stony areas of Sweden accounted for 330 to 480 annual
ignitions, and 40% of total burned area (Sjöström et al., 2019).
Of fires and ignition sources reported by 19 European countries
to the European Forest Fire Information System (EFFIS), EC
(2017) determined that only 4% were from natural sources,
with half of the fire records lacking a verified cause. It should
be noted that population densities vary widely across Arctic
Council Member states in the boreal and Arctic regions, and
therefore the influence of human activity, including Indigenous
cultural burning, may be location-specific.

and main messages

Pre

In 2019, the majority of open biomass burning and related
emissions for the Arctic Council member countries originated
in Siberia and the Russian Far East, followed by CONUS,
Canada, and Alaska. The average annual BC emissions from all
open biomass burning sources is 340,000 tonnes. Open biomass
burning emissions have increased above 60°N, with fires above
66°N occurring earlier in the year and burning later into the
growing season. Increased length in fire seasons is coupled
with a prediction of increased fire severity, and potentially
physically unmanageable crown fires in the boreal as soon as
2050 (Wooton et al., 2017). Future emissions from fires are
difficult to predict; here more work is needed, as emissions
from functionally uncontrollable fires in boreal forests are not
well quantified due to uncertainties in combustion-efficiency
observations and estimates (Xu et al., 2020).

Pan-Arctic fire emissions in the coming decades of the
21st century will likely be driven by climate-change impacts on
fuels, including the interactions between peat and permafrost,
fire weather, and ignition sources. The consensus of current
literature is that climate change and human activity will
increase fire risk in the Arctic, via increased lightning strikes,
the thawing of permafrost, and transitions to grasslands and
steppe and dry peat. In eastern Canada, northward expansion
of deciduous forests will likely decrease fire risk. Human-caused
fires are likely to increase, driven by the expansion of extraction
processes for energy, transportation networks, and tourism.

Human activity and communities in the Arctic will need to
adapt to increasing fire risk. Fire management and fighting
strategies in the boreal may not work or might even cause
more damage in the Arctic. Climate change will also affect
the effectiveness of current wildland firefighting techniques.
For example, Canadian wildland firefighters operationally use
several key thresholds to guide fire operations based on fire
intensity. Wotton et al. (2017) reported that at 2 Megawatts
per meter (MW/m) fire-line intensity, ground resources
request aerial fire support to hold the fire line; at 4 MW/m,
aerial fire suppression by air tankers becomes ineffective at
directly controlling a fire line; at 10 MW/m, heavy air tankers
cannot hold or suppress a fire line. From the policy perspective,
understanding if, or how much, fire management – from
reducing or eliminating ignitions, to prescribed burning for
reducing fuel and resulting wildland fires – can reduce BC
emissions needs to be better understood. Mitigating future
emissions may require a Pan-Arctic fire management and
monitoring strategy, with buy-in from the Arctic Council
Member states and Arctic Indigenous communities.
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Appendix 4. Open biomass burning
had the lowest annual average BC emissions of 130,000 tonnes,
with higher emissions in outlier years – 2012 (197,000 tonnes)
and 2008 (186,000 tonnes). The custom AMAP model produced
emissions estimates slightly higher than FINN (Figure A4.3)
for 2018. The AMAP model predicted BC emissions of 129,000
tonnes and CH4 emissions of 1,390,000 tonnes, compared to
FINN’s 105,000 tonnes of BC and 1,190,000 tonnes of CH4.
When compared for 2018 only, GFED showed marginally
higher BC emissions than GFAS, while CH4 emission estimates
from GFAS were substantially higher than GFED.

int

A comparison of five biomass burning emission models,
including the Global Fire Emissions Database (GFED; van
der Werf et al., 2017); the Fire Inventory from NCAR (FINN;
Wiedinmyer et al., 2011); the Global Fire Assimilation System
(GFAS; Kaiser et al., 2012); the Quick Fire Emissions Dataset
(QFED; Koster et al., 2015); and the Fire Energetics and
Emissions Research (FEER; Ichoku and Ellison, 2014), was
completed for the entire Pan-Arctic region. Figures A4.1, A4.2,
A4.4, and A4.5 show details of the variation in these peerreviewed satellite-based emissions inventories. It should be
noted that GFED was used in the current CMIP runs and
analyses (van Marle et al., 2017; Figure A4.3).
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The fire emissions model with the consistently highest BC
emissions is QFED, with an annual average of 680,000 tonnes
(Figure A4.4). FEER, GFAS, and GFED exhibit greater
agreement, with annual BC emissions averages of 320,000
(±70,000) tonnes, 300,000 (±71,800) tonnes, and 250,000
(± 61,000) tonnes, respectively (Figures A4.1 and A4.5). FINN

The current satellite-based fire emissions models are not
consistent in their ranking of which produces the highest
overall emissions estimates, particularly when considering
emissions from CH4, CO, and PM2.5 (Figure A4.5). Fire
emissions calculations are not linear and thus these differences
are expected. Consistently, FINN is the model with the lowest
emissions estimates.

Table A4.1 Black carbon (BC) emissions from reported statistics on burned area in the Arctic Member states. Sources for burned area from Alaska
Division of Forestry (2020)a, CIFFC (2020)b , Markuse (2019)c, DSB (2020)d, SOU (2019 – in Swedish)e, Ketola (2020)f, and Data ref. 4.2g; fuel loadings
and combustion completeness from van Leeuwen et al. (2014) for boreal forests, with tundra values used for Greenland and temperate forests for the
contiguous United States (CONUS); emission factors for BC taken from GFEDv4s with 0.5 g/kg assigned to boreal forest ecosystems, 0.55 g/kg assigned
to temperate forests, and 0.04 g/kg assigned to peat for Greenland.
Year

USA/Alaska

2019

Canada

2019

Denmark/Greenland

2019

Official burned area
(km2)

Fuel Loading
(kg/km2)

Black carbon
emission factor
(g/kg)

Combustion
completeness (%)

Black carbon
emissions (g converted
to tonne)

10,481a

1080

0.5

47

2.660

18,389

1080

0.5

47

4.667

8

1650

0.04

24

1.27E-04

b

c

Pre

Country/Region

Norway

2019

0.03

1080

0.5

47

7.61E-06

Sweden

2018

250

1080

0.5

47

0.063

Finland

2019

6f

1080

0.5

47

0.002

Russia

2019

100,785g

1080

0.5

47

25.579

USA/CONUS

2019

18,876

1610

0.55

61

10.196

d

e

h

Table A4.2 Slope of trends lines for GFEDv4s, GFASv1.2, and FINN1.5 for
50°N–60°N and 60°N–70°N for 2005–2018.

Fire emissions model

Slope (50°N–60° N)

Slope (60°N–70°N)

GFEDv4s

0.0014

0.0076

GFASv1.2

-0.0019

0.0058

FINNv1.5

0.0022

0.00019
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BC Emissions, Tg
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Figure A4.1 Boxplot summaries of total annual emissions of BC in Tg for
45°N–80°N from 2005–2018. Emissions from GFED, FINN, GFAS, QFED,
and FEER, plus an average of the five models, are included. The horizontal
bar is the median, with the mean indicated as a diamond. The box shows
the 25th to the 75th percentiles, and the vertical lines show 1.5 times the
interquartile range. Points outside of the interquartile range are shown as
dots; the FINN outliers are for years 2008 and 2012.

Global BC

FINN

GFAS

Mean

Figure A4.2 Boxplot summaries of total annual emissions of BC in Tg for
45°N–80°N from 2005–2018. Emissions from GFED, FINN, GFAS, plus
an average of the three fire emission models are included. The horizontal
bar is the median, with the mean indicated as a diamond. The box shows
the 25th to the 75th percentiles, and the vertical lines show 1.5 times the
interquartile range. Points outside of the interquartile range are shown as
dots; the FINN outliers are for years 2008 and 2012.
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Figure A4.3 Modeled historical open biomass burning emissions from van Marle et al. (2017) for the globe (top) and the Arctic Council Member states’
area of interest (bottom).
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Figure A4.4 Density plot of the 2018 annual emissions (Tg) for CH4, CO, BC, and PM2.5 from six satellite-based global biomass-burning emissions
models: GFEDv.4s, GFAS v1.2, FEER v1.0–G1.2, FINN v1.5, and the custom AMAP SLCF model produced by chapter co-authors McCarty and Fain
(Data ref. 4.7) for 45°N–80°N.
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Figure A4.5 Area plots of annual BC emissions in teragrams (Tg) from
five global fire emissions models split by latitude ranges, for 2005–2018;
note each latitude break is a cumulative sum and each panel has a
different y-axis.

