remote sensing
Article

Missing Burns in the High Northern Latitudes: The Case for
Regionally Focused Burned Area Products
Dong Chen * , Varada Shevade, Allison Baer and Tatiana V. Loboda
Department of Geographical Sciences, University of Maryland, College Park, MD 20742, USA;
vshevade@umd.edu (V.S.); aebaer@terpmail.umd.edu (A.B.); loboda@umd.edu (T.V.L.)
* Correspondence: itscd@umd.edu



Citation: Chen, D.; Shevade, V.; Baer,
A.; Loboda, T.V. Missing Burns in the
High Northern Latitudes: The Case
for Regionally Focused Burned Area
Products. Remote Sens. 2021, 13, 4145.
https://doi.org/10.3390/rs13204145
Academic Editor: Leonor Calvo
Received: 27 September 2021
Accepted: 10 October 2021
Published: 16 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Abstract: Global estimates of burned areas, enabled by the wide-open access to the standard data
products from the Moderate Resolution Imaging Spectroradiometer (MODIS), are heavily relied
on by scientists and managers studying issues related to wildfire occurrence and its worldwide
consequences. While these datasets, particularly the MODIS MCD64A1 product, have fundamentally
improved our understanding of wildfire regimes at the global scale, their performance may be
less reliable in certain regions due to a series of region- or ecosystem-specific challenges. Previous
studies have indicated that global burned area products tend to underestimate the extent of the
burned area within some parts of the boreal domain. Despite this, global products are still being
regularly used by research activities and management efforts in the northern regions, likely due to a
lack of understanding of the spatial scale of their Arctic-specific limitations, as well as an absence
of more reliable alternative products. In this study, we evaluated the performance of two widely
used global burned area products, MCD64A1 and FireCCI51, in the circumpolar boreal forests and
tundra between 2001 and 2015. Our two-step evaluation shows that MCD64A1 has high commission
and omission errors in mapping burned areas in the boreal forests and tundra regions in North
America. The omission error overshadows the commission error, leading to MCD64A1 considerably
underestimating burned areas in these high northern latitude domains. Based on our estimation,
MCD64A1 missed nearly half the total burned areas in the Alaskan and Canadian boreal forests and
the tundra during the 15-year period, amounting to an area (74,768 km2 ) that is equivalent to the land
area of the United States state of South Carolina. While the FireCCI51 product performs much better
than MCD64A1 in terms of commission error, we found that it also missed about 40% of burned
areas in North America north of 60◦ N between 2001 and 2015. Our intercomparison of MCD64A1
and FireCCI51 with a regionally adapted MODIS-based Arctic Boreal Burned Area (ABBA) shows
that the latter outperforms both MCD64A1 and FireCCI51 by a large margin, particularly in terms of
omission error, and thus delivers a considerably more accurate and consistent estimate of fire activity
in the high northern latitudes. Considering the fact that boreal forests and tundra represent the
largest carbon pool on Earth and that wildfire is the dominant disturbance agent in these ecosystems,
our study presents a strong case for regional burned area products like ABBA to be included in future
Earth system models as the critical input for understanding wildfires’ impacts on global carbon
cycling and energy budget.
Keywords: wildfire; disturbance; Arctic; boreal forests; tundra; MODIS; burned area products;
Alaska; Canada
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1. Introduction
Wildfires, both of natural and anthropogenic origins, are a widely spread disturbance
agent in nearly all global ecosystems [1]. Due to their substantial impacts on the global
climate [2], ecosystem services [3], public health and safety [4], and the economy [5,6],
wildfire monitoring and management are being implemented by many countries around the
world. Remote sensing is a primary technique used in these efforts, thanks to its capability
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to cover large spatial extents, including areas with limited access [7,8]. In recent years, an
increasing number of satellite-based remotely sensed products, including those based on
the publicly available archives of imagery acquired by the Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS), have
been created with short latency between image acquisition and their availability. This
allows fire management agencies to quickly detect ongoing fire events, closely monitor
their progress, and initiate and maintain fire mitigation efforts if necessary. In addition to
the operational applications of these datasets within the fire management community, a
large range of ecologists, climate scientists, and resource managers rely on the relatively
objective and spatially comprehensive assessment of various aspects of wildfires, including
burned areas, duration, and intensity, to support their work (e.g., [9–11]).
The MCD64A1 product [12,13] is the burned area product that is part of the suite
of standard global MODIS datasets. It is one of the first consistently delivered global
burned area products that details the global burned area extent from 2001 to the present.
MCD64A1 is among one of the most commonly used remotely sensed fire products and it
has been integrated into a series of large-scale assessments of fire impacts including the
Global Fire Emissions Database (GFED) [14], the Global Fire Atlas [15], and the Wildland
Fire Information Emissions System (WFIES) [16], among others. Various research efforts,
including many high-profile publications (e.g., [17–19]), also relied on the MCD64A1 data
for their analyses.
The circumpolar high northern latitude (HNL) region contains two major terrestrial
biomes: boreal forests and tundra. In both biomes, wildfires are a dominant disturbance
agent [20,21] and are usually of natural origins due to the regions’ remote location and
very low population density [21]. Wildfires in the HNL can exert strong impacts on the
Earth system, particularly through impacts on the carbon cycle and surface radiation
budget. Boreal forests are believed to be the terrestrial biome that holds the largest amount
of carbon when both aboveground biomass and soil carbon are taken into account [22].
While aboveground biomass in tundra areas is comparatively low, very large carbon stores
are found below ground, mostly locked within the permafrost [23]. Together, boreal and
tundra ecosystems form a massive carbon pool that takes up a significant portion of the
global carbon budget [23,24]. Through direct combustion [25] and indirect acceleration of
the thawing of the permafrost [26], wildfires can substantially boost the emission rates of
this stored carbon, which, in turn, contributes to global warming. In contrast, wildfires’
impact on the energy budget in the vast boreal biome is generally believed to lead to a
net cooling effect [27,28]. This is because wildfires tend to lead to substantial increases in
forest albedo that last for decades after the fires through the opening of the forest canopy,
which results in a higher exposure of surface snow during the snow season [27,28]. As the
extent of wildfires is usually correlated with the various impacts that wildfires have on the
climate, burned area is a key parameter for various studies that focus on wildfire-climate
interactions [25,29–31]. Moreover, numerous modeling studies suggest that fire occurrence
and extent across the circumpolar boreal forests and tundra zones are likely to increase
under the projected strong Arctic warming [32–34], making quantifying fire impacts on
HNL ecosystems a critical component of understanding consequences and drivers of the
global climate system and enabling a further improvement in global climate models.
The unique environmental conditions of the HNL regions present substantial challenges to mapping burned areas. One of the most prominent limitations for mapping the
extent of fires within a single fire season is the narrow temporal window. This window is
controlled by five main components: (1) wildfires in the HNL typically occur during the
snow-off season, which typically lasts from May to September [35]; (2) during the snow
season, snow on the ground would obscure the burned signal; (3) solar angles are low
during much of the year; (4) there is frequent cloud cover in many Arctic regions during
the snow-free season [36,37]; and (5) HNL fire events are frequently large [38] and produce
extensive and dense smoke plumes that further limit clear surface observations [39]. There
are other potentially influential factors, such as an abundance of small, shallow water bod-
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ies during the snow-free season [40,41], which strongly fragment the surface and lead to the
strong absorption of visible and near-infrared wavelengths, creating a signal similar to the
deposition of char associated with fire events. The extent and depth of these water bodies
varies greatly under the influence of meteorological conditions, which further complicates
their identification [40].
As a result of these challenges, several studies have pointed out that MCD64A1
performs sub-optimally within HNL ecosystems. Although a global-scale assessment
found that MCD64A1 possesses the lowest commission and omission error rates in boreal
forests among all terrestrial biomes [42], other studies that investigated its performance in
North America [43], Siberia [44], and Alaska [45] reported a substantial underestimation
of area burned. Admittedly, MCD64A1 routinely outperforms MCD45A1 burned area
product [46], a conceptually different MODIS-based burned area product that has been
superseded by MCD64A1, as well as two other burned area products with coarser spatial
resolutions in North America [43]. However, the reported underestimation of the area
burned in the HNL regions has notable implications for studies and models which are
based on the MCD64A1 estimates.
In this project, we aim to (1) compare MCD64A1 with two additional MODIS-based
burned area products, including the global FireCCI51 burned area product [47] from the
European Space Agency (ESA) and the regionally-adapted Arctic Boreal Burned Area
(ABBA) dataset [48] across the full extent of circumpolar HNL zones, (2) systematically
assess the performance of the three burned area products in the HNL regions in North
America and discuss its implications, and (3) discuss the potential of these newer products
to supplement or replace MCD64A1 as primary data products to be used to represent the
burned area in the HNL.
2. Study Area
This project focuses on the circumpolar land areas north of 60◦ N, primarily located in
Russia, Canada, and the US (Figure 1). Although the boreal biome extends further south
beyond the 60◦ N, 60◦ N represents a generally accepted boundary for the HNL zone
and includes representative samples for both tundra and boreal biomes. The study area
is generally characterized by long, cold winters and short summers [49]. In most of the
boreal zone, forests are dominated by evergreen needleleaf species, including pine (Pinus
spp.), spruce (Picea spp.), and fir (Abies spp.), deciduous broadleaf species including birch
(Betula spp.) and aspen (Populus spp.), and deciduous needleleaf larch (Larix spp.) [50,51].
Regardless of the dominant tree species, wildfires play a pivotal role in affecting the
successional cycles and species compositions of boreal forests [52,53]. In the treeless tundra,
vegetation is dominated by mosses, grasses, sedges, and shrubs [54]. Tundra wildfires
are historically infrequent [21] and are currently mostly congregated in a few “hotspots”,
including the Alaskan tundra [55]. However, due to the substantial regional warming
during the past decades, which is likely to persist in the future, it is believed that tundra
wildfires may become increasingly common [56].
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Figure 1. The extent of the study area, as represented by areas in green (the boreal forests) and purple (tundra). The
delineation of the boreal forest and tundra biomes is based on the World Wildlife Fund (WWF) Terrestrial Ecoregions
dataset [57].

3. Datasets
In this project, we examined the latest version (Collection 6) of the MCD64A1 product.
Integrating data acquired by the MODIS sensors onboard both Terra and Aqua satellites,
MCD64A1 is one of the standard MODIS data products and has been produced for global
land areas at the nominal spatial resolution of 500 m. It maps burned areas based on
a “hybrid” algorithm, as both surface reflectance and active fire detections are used to
determine the extents of the burned areas [12]. The MOD09GHK/MYD09GHK atmospherically corrected daily surface reflectance products [58] and the MOD14A1/MYD14A1
active fire products [59] are adopted as the inputs for surface reflectance and active fire,
respectively. In addition to the MCD64A1 product, we also included two other burned
area products, which were also compared against the reference fire products (listed and
marked by * in Table 1): the Arctic Boreal Burned Area (ABBA) product [45,48] and the
FireCCI51 product [47]. The ABBA product was developed specifically to address the
unique environmental setting of wildfire occurrence and detection in the HNL zone [45]
and has been subsequently chosen to support the NASA Terrestrial Ecology Program’s
Arctic Boreal Vulnerability Experiment (ABoVE) campaign due to its high mapping accuracy based on evaluations of limited scape [45]. Similarly to MCD64A1, the ABBA product
relies on attributing the detected changes in surface reflectance in the MOD09 products
to fire occurrence using the standard MODIS active fire detections. However, it is not
developed as an operational dataset and its mapping of burned areas relies on imagery
acquired during the early period of the snow-free season, following the estimated year
of fire occurrence. For example, the burns for the year of 2003 would be mapped using
surface reflectance data from the snow-free season of 2003 and the early snow-free season
(April–May) of the year of 2004. As a result, the ABBA product is well suited to support
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wildfire-related research and post-fire resource management but cannot be used to support
operational fire suppression activities. Improved upon its predecessors (FireCCI41 [60]
and FireCCI50 [61]), the FireCCI51 product is a recent global burned area product that was
funded through the Fire_CCI project under ESA’s Climate Change Initiative program. By
relying mostly on the 250 m near-infrared band of the MODIS sensors [47], FireCCI51 has a
nominal spatial resolution of 250 m, making it one of the global burned area products with
the highest spatial resolution. A regional intercomparison based on Sub-Saharan Africa
showed that FireCCI51 performs better than MCD64A1 in terms of both commission error
and omission error [47]. Table 1 summarizes the major characteristics of these three burned
area datasets as well as the characteristics of the auxiliary datasets included in this study.
Table 1. List of the fire products that were used in this project. Datasets that are marked by * are those that were used as
reference. Datasets that are marked by # are those whose production involved expert knowledge.
Dataset

Source of Information

Type of Fire-Related
Information

Spatial Coverage

Temporal
Coverage

Spatial Resolution

MCD64A1 burned
area product

MODIS
(onboard Terra and Aqua)

Burned area
(with timing of fire)

Global

2000–present

463 m (nominal:
500 m)

ABBA burned area
product

MODIS
(onboard Terra and Aqua)

Burned area
(without timing of fire)

Circumpolar (North
of 60◦ N)

2001–2015

463 m (nominal:
500 m)

FireCCI51 burned
area product

Multiple satellite
platforms

Burned area
(with timing of fire)

Global

2001–2019

250 m

VNP14IMG active
fire product *

VIIRS
(onboard Suomi NPP)

Active Fire Detections

Global

2012–present

375 m

MTBS *,#

Landsat TM, ETM+, OLI
imagery

Fire perimeter and
burned area
classification

US
(including Alaska)

1984–2018

30 m

ALFD *,#

Multiple agencies at
federal and state levels

Fire perimeter

Alaska

1942–present

Various

CNFDB *,#

Multiple agencies at
various levels

Fire perimeter

Canada

1917–2019

Various

In this study, we opted for a different strategy to assess and compare the performance of the three burned area products. On the one hand, while the standard validation approaches rely on generating a sample of testing sites in a specified time and
space, following a set of assumptions and relying on (a usually stratified) random selection (e.g., [42,61] among others), we aimed to use existing independent geospatial
datasets that provide a full record of fire activity in the North American HNL, as a
whole or within a substantial geographic subset of this area. This was made possible
by the high-quality reference datasets that are available for North America. On the other
hand, unlike conventional intercomparisons, which usually do not involve ground-truth
data, we decided to incorporate a ground-truthing component (see Section 4.3), which
allowed us to be more confident in the robustness of our assessments. Based on this
fused approach, we evaluated the performance of the MCD64A1, ABBA, and FireCCI51
products in North America by comparing them with four independent datasets reflecting fire activity and burned areas, which are routinely used for wildfire research in the
HNL. They include: (1) the VIIRS VNP14IMG active fire product [62], (2) the Monitoring
Trends in Burn Severity (MTBS; [63]) dataset, (3) the Alaska Large Fire Database (ALFD;
https://www.frames.gov/catalog/10465; accessed on 1 October 2020), and (4) Canadian
National Fire Database (CNFDB; https://cwfis.cfs.nrcan.gc.ca/ha/nfdb; accessed on
1 October 2020) (Table 1). Although active fire detections are not directly comparable
to the burned area estimates, they present the only consistent dataset that offers a comprehensive and consistent coverage of circumpolar fire occurrence in the HNL. While the VIIRS
record is substantially shorter (available from 2012) than that of MODIS (available from
2000), it is the only independent HNL-wide record of fire occurrence as both MCD64A1
and ABBA products rely on MODIS active fire detections. The remaining three datasets are
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more directly linked to burned area estimates that provide a comprehensive and independent view of fire occurrence but within a limited geographic region. The MTBS data suite
contains the complete archive of Landsat-based estimates of burn severity (and therefore
burned area) for all wildfires that occurred since 1984 and were larger than 4 km2 in Alaska.
These images are classified into burn severity levels, including unburned, low-severity
burn, moderate-severity burn, and high-severity burn. As such classification processes
were guided by expert knowledge [63], the resultant burn severity maps provide crucial
information about the areas that were confirmed to have been burned within each fire
perimeter for a large number of fire events at a higher resolution (30 m). Similarly to MTBS,
ALFD is also limited to Alaska. However, in addition to its longer temporal coverage
(which is not relevant for our study, since MODIS observations cover only the post-2000
era), ALFD is different from MTBS in two major aspects: (1) it covers more fire events since
the lower limit of the size of included fires is 0.25 km2 [64] and (2) it likely overestimates
the burned areas within each mapped fire event because ALFD only supplies the outer fire
perimeter [65]. Because it is also a consistently produced product aided by expert opinions,
ALFD was also adopted by our study to act as an independent reference dataset. For the
same reason, we adopted the CNFDB dataset, which provides fire perimeters for wildfires
in Canada, based on information compiled from multiple administrative levels [66].
4. Methodology
4.1. Direct Intercomparisons of Burned Area Products with Reference Datasets
We first conducted a set of direct intercomparisons of the burned areas as mapped
by the MCD64A1, ABBA, and FireCCI51 products with the reference fire products to
establish a baseline understanding of the spatio-temporal distribution of the burned areas
as mapped by different burned area products in the HNL. Three types of intercomparisons
were conducted: (1) annual and grand totals of burned area, (2) total burned area by
country (i.e., US, Canada, and Russia) to evaluate the potential coarse-scale geographic
bias, and (3) total burned area by biomes (i.e., boreal forest and Arctic tundra) to evaluate
the potential coarse-scale biome-based bias. All burned area products were compared at
their native resolutions to preserve their original information. According to the availability
of the reference datasets, the intercomparisons were carried out over three different spatial
domains: Alaska (where MTBS, ALFD, and VNP14IMG data are available), Canada (where
CNFDB and VNP14IMG are available), and the entire circumpolar region above 60◦ N
(where VNP14IMG is available). Since none of the reference fire products are strictly burned
area products, all of them were manipulated to enable a direct comparison to a burned
area product. For MTBS, all burn severity levels within datasets available for wildfires that
occurred in Alaska between 2001 and 2015 were converted into the MTBS confirmed burned
area maps (hereafter referred to as MTBS burned area) at their native resolution (30 m) by
merging the three classes that were confirmed as burned areas by human interpreters (i.e.,
low-severity burn, moderate-severity burn, high-severity burn, and increased greenness)
into a single burned class; the remaining classes were merged into a single unburned class.
While the resultant unburned class contains areas that were actually burned but unmapped,
including areas impacted by cloud, shadow, and the missed observations caused by the
Scan Line Corrector (SLC) malfunction on the ETM+ instrument, the burned area class
preserves burned areas with the highest level of confidence within all wildfires that are
larger than 4 km2 . The ALFD and CNFDB fire perimeters were converted to quasi-burned
area maps (since they are not true burned area products; these maps are hereafter referred
to as ALFD burned area and CNFDB burned area, respectively) at 30 m. A limitation of
these quasi-burned area maps is that the unburned islands, which are common within
wildfire burn perimeters [64,67], were also mapped as burned. However, the high spatial
completeness of these datasets [68] offers a unique opportunity for assessing the mapping
accuracies of the burned area products in North America. The VNP14IMG active fire points
were converted to 375 m raster files for the intercomparison to simulate a pixel footprint.
The higher resolution of the VIIRS pixels and the higher sensitivity of the VIIRS sensors
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compared to MODIS support the detection of many smaller and lower-intensity fires below
the detection threshold of the MODIS active fire product [69].
4.2. Omission Error Assessment
In this study, omission error of the MCD64A1, ABBA, and FireCCI51 products was
assessed in the HNL region in North America at a per-pixel level relative to our reference
datasets (ALFD and CNFDB). We chose to not use MTBS burned area as a reference because
of its exclusion of wildfires that are smaller than 4 km2 . To allow for robust evaluations,
the reference burned area data were reconciled with MCD64A1, ABBA, and FireCCI51 so
that their projection and resolutions (500 m for MCD64A1 and ABBA; 250 m for FireCCI51)
were matched exactly during comparison. Using each of the two reference burned area
datasets, we then calculated the omission error (OE) for MCD64A1, ABBA, and FireCCI51,
respectively, in each year following:
OE = Nmissed /Ntotal

(1)

where Ntotal and Nmissed stand for the number of pixels (after reprojection and resampling)
of the reference fire perimeters (i.e., ALFD for Alaska and CNFDB for Canada) and the
number of pixels that are not mapped as burned by the burned area products under
evaluation within the corresponding reference fire perimeters, respectively.
Because the outer perimeters of wildfires (such as those supplied by ALFD and
CNFDB) are known to include unburned islands [65,70], to estimate the area of missed
burned areas by the burned area products under evaluation more accurately, we created
a variable called Burned Ratio (BR), which stands for the proportion of actual burned
areas within the wildfire perimeters. Although the value of this variable has been explored
previously [70–72], it has previously been explored using limited sample sizes and spatial
scales, and therefore we decided to identify a more representative estimate of this variable.
Even though the MTBS data were not used as the reference dataset, it offers a great
opportunity to infer the value of BR over a large spatial scale, thanks to its mapping of
different severity levels, including unburned islands, within each fire perimeter based
on visual examination guided by expert knowledge [63]. We extracted the four severity
classes (i.e., low-severity burn, moderate-severity burn, high-severity burn, and increased
greenness) that are associated with confirmed burned areas as reported by MTBS for all
wildfires that occurred in Alaska between 1984 and 2002. We did not include wildfires that
occurred since 2003 because the Landsat ETM+ data acquired since the SLC malfunction
(which happened in 2003) has missing data that prorogated into the MTBS data. Specifically,
BR is calculated by dividing the total areas of confirmed burned areas by the total area
of all wildfire perimeters of the corresponding period. For each burned area product
under evaluation in each of the two regions, we calculated the area of missed burned area
(Amissed ) following:
Amissed = (Atotal − Amapped ) × BR
(2)
where Atotal and Amapped stand for the total area of the reference fire perimeters (i.e.,
ALFD for Alaska and CNFDB for Canada) and the burned areas that are mapped by the
burned area products under evaluation within the corresponding reference fire perimeters,
respectively.
4.3. Commission Error Assessment
For this assessment, we used the ALFD and CNFDB datasets as the reference products,
and we hypothesized that areas that were not mapped as burned by ALFD in Alaska and
by CNFDB in Canada are likely to be truly unburned. Our confidence in such a hypothesis
is particularly high in Alaska because of the reported high spatial completeness of the
ALFD fire perimeters in recent decades [64,68]. In Canada, our confidence in the spatial
completeness of the fire perimeters included by CNFDB is relatively lower because CNFDB
is known to miss certain fires, especially smaller fires (i.e., those whose size is smaller than
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2 km2 ) [73], however, it is still believed to offer a highly accurate representation of the
wildfire distribution over the vast expanse of Canadian forests [68,73].
The difference in spatial resolutions between the datasets under evaluation and the
reference datasets creates a possibility for small burn scars in the proximity of larger burns
to be omitted in the delineation of a scar boundary at 30 m resolution but being correctly
captured as burned within the larger 250 or 500 m pixels. To account for these cases,
we buffered the ALDF and CNFDB scars out by roughly four pixels at the burned area
products’ nominal resolutions, resulting in a 2 km buffer for MCD64A1 and ABBA and a
1 km buffer for FireCCI51. Subsequently, all pixels that were located outside the merged
buffered areas, but were mapped by MCD64A1, ABBA, or FireCCI51, were considered as
candidates for commission errors of the corresponding burned area product. In Alaska,
the distribution of the candidate pixels highlighted 2003 and 2004 as years of particularly
large disagreements between the coarse resolution burned area products and ALFD burn
scars. Sample pixels were thus randomly selected from the candidate pixels for MCD64A1,
ABBA, and FireCCI51 for each of these two years with a target of 100 pixels per dataset, per
year. We intentionally oversampled, where possible, from candidate pixels, in anticipation
of cases where a confident decision could not be made by the analyst for a pixel, due to
reasons such as a lack of clear surface observations within Landsat imagery. Those pixels
were discarded from our analysis. A total of 100 pixels were reviewed for MCD64A1 and
FireCCI51, whereas all of the candidate pixels for ABBA were reviewed for 2003 (39 points)
and 2004 (72 points), respectively, because there were fewer than 100 candidate pixels
for both years. Sample pixels for each of the three products for each year were visually
compared with Landsat imagery to verify the existence of a burn by analysts who were not
previously involved in this project. If any part of the pixel was found to have been burned,
that candidate pixel was marked as correct, otherwise, it was marked as incorrect. The
commission errors (CE) of MCD64A1, ABBA, and FireCCI51 for each year were calculated
following:
CE = Nincorrect /Ntotal
(3)
where Ntotal and Nincorrect stand for the numbers of the total candidate pixels and among
them, the incorrectly mapped pixels for product i (i: MCD64A1, ABBA, or FireCCI51).
A similar assessment was carried out for Canada, which found 2013 and 2015 to be the
two years with the highest level of disagreement between the burned area products under
evaluation and CNFDB burn scars. These two years were therefore selected, based on
which, the commission error assessment for Canada was conducted.
5. Results
5.1. Intercomparisons of Burned Area Extent as Mapped by Different Products
The burned areas mapped by the ABBA product are consistently larger than those mapped
by MCD64A1 and FireCCI51 in almost every year between 2001 and 2015 (Figures 2–4) and
across all geographic regions and biomes (Figure 5). Summed over the 15 years, ABBA
maps 46% (Figure 2b), 58% (Figure 3b), and 41% (Figure 4b) more burned areas than
MCD64A1 in Alaska, Canada, and the circumpolar domain, respectively. The interannual
variability in the amount of mapped burned area between MCD64A1 and ABBA is generally
positively related to the annual total burned area: the more fires in a year, the larger the
difference in mapped burned area between the two products. While the FireCCI51 product
maps slightly more (5%) burned area over the circumpolar domain (Figure 4b) than the
MCD64A1 product does, overall, its estimates of the total area burned are close to those of
MCD64A1.
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Figure 2. Comparisons of (a) annual total area and (b) grand total area of burned areas as mapped by the MCD64A1, ABBA,
FireCCI51, MTBS, ALFD, and VNP14IMG data over areas in Alaska north of 60◦ N. The grand total area of burned areas as
mapped by VNP14IMG is not visualized in (b) because of its shorter temporal coverage.

Figure 3. Comparisons of (a) annual total area and (b) grand total area of burned areas as mapped by the MCD64A1, ABBA,
FireCCI51, CNFDB, and VNP14IMG data over areas in Canada north of 60◦ N. The grand total area of burned areas as
mapped by VNP14IMG is not visualized in (b) because of its shorter temporal coverage.
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Figure 4. Comparisons of (a) annual total area and (b) grand total area of burned areas as mapped by the MCD64A1, ABBA,
FireCCI51, and VNP14IMG data over areas in circumpolar boreal forest and tundra north of 60◦ N. The grand total area of
burned areas as mapped by VNP14IMG is not visualized in (b) because of its shorter temporal coverage.

When compared with the reference datasets, especially MTBS, ALFD, and CNFDB, the
three datasets that were produced with human guidance, ABBA estimates are considerably
more consistent than the MCD64A1 and FireCCI51 estimates. In Alaska, the annual total
burned area values as mapped by ABBA fall consistently between MTBS (which likely
underestimates true burned areas because of the exclusion of fires that are smaller than
4 km2 ) and ALFD (which likely overestimates true burned areas because of the inclusion
of unburned areas in every fire perimeter). Between MTBS and ALFD, the burned area
mapped by ABBA is much closer to ALFD than to that mapped by MTBS, as ABBA’s
annual total burned areas are usually within 5% difference from those of ALFD in years
with a large number of acres burned (e.g., 2002, 2004, 2005, 2009, and 2015) (Figure 2). The
grand total burned area as mapped by MCD64A1 and FireCCI51 in Alaska is smaller than
that mapped by MTBS (Figure 2b), confirming that they likely underestimate the actual
burned areas, since we have high confidence that MTBS underestimates the actual burned
areas in Alaska due to its exclusion of smaller burn scars. During the four years where
there was VNP14IMG data coverage (2012–2015), the quasi-burned area as mapped by
VNP14IMG is similar to that as mapped by MCD64A1 and FireCCI51 and consistently
lower than MTBS, ALFD, and ABBA in Alaska (Figure 2a).
Similar patterns exist in Canada as well, where ABBA is shown to be more consistent
with the reference CNFDB dataset. Both MCD64A1 and FireCCI51 map much smaller total
burned areas than ABBA does, with MCD64A1 mapping the least amount of burned areas
in Canada (Figure 3). The quasi-burned areas mapped by VNP14IMG are still lower than
ABBA but higher than MCD64A1 and FireCCI51 (Figure 3a). Over the circumpolar domain,
ABBA maps the most amount of burned areas (41% more than MCD64A1), followed
by FireCCI51 (5% more than MCD64A1) (Figure 4). The VNP14IMG quasi-burned area
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totaled over 2012–2015 is more consistent with ABBA than with the other two burned area
products.

Figure 5. Comparisons of the total area of burned areas as mapped by the MCD64A1, ABBA, and
FireCCI51 products broken down by (a) countries and (b) biomes over the circumpolar domain.
(c) shows the total area of burned areas as mapped by the three burned area products in Alaska in
comparison to the MTBS and ALFD burned area.
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A spatial breakdown of mapped burned areas by the three countries that comprise
the majority of the circumpolar study domain (i.e., Canada, Russia, and the US (Alaska))
is depicted in Figure 5a. Burned areas mapped by the three products are much higher in
Russia than in Canada and the US. In addition, in each of the three countries, ABBA maps
more burned areas than the other two products, and the difference between ABBA and
MCD64A1/FireCCI51 in terms of the total burned area is largest in Russia, where ABBA
maps 1.05 × 105 km2 more burned area than MCD64A1 does, whereas, in Canada and
the US, the differences between the two products are 3.8 × 104 km2 and 3.2 × 104 km2 ,
respectively. In terms of the burned area distribution between boreal forests and tundra,
all three burned area products map more burned areas in the boreal forest biome than
in the tundra (Figure 5b). Similar to the grand total burned area mapped in Alaska, the
total burned area mapped in Alaskan boreal forests and tundra shows that ABBA is more
consistent with ALFD than MCD64A1 and FireCCI51 are (Figure 5c).
5.2. Omission Error
Table 2 lists the BR values calculated based on the MTBS data. Over the 19-year period,
the total BR is 77%, with 27,299 km2 out of 35,228 km2 of burn perimeters delineated by the
MTBS data confirmed to be burned. A detailed examination of the interannual distribution
of the BR values shows that BR fluctuates quite substantially interannually between 64%
(in 1998) and 88% (in 1997). In addition, BR is found to negatively correlate with the annual
total burn perimeter area, with lower BR values tending to be associated with larger fire
years (Figure 6).
Table 2. The BR values calculated for each year between 1984 and 2002 as well as the entire 19-year
period. The year 2006 is left blank due to a lack of coverage of 2006 wildfires by the MTBS dataset.
Year

Confirmed Burned
Area (km2 )

Total Burn
Perimeter Area (km2 )

Burned Ratio (BR)

1984

277.4

350.4

79%

1985

1108.3

1368.9

81%

1986

1085.6

1271.6

85%

1987

287.3

402.7

71%

1988

2164.8

3312.6

65%

1989

173.5

200.6

86%

1990

4226.9

5772.3

73%

1991

2464.7

3119.3

79%

1992

92.7

114.5

81%

1993

1361.3

1629.3

84%

1994

828.1

985.8

84%

1995

99.7

131.4

76%

1996

N/A

N/A

N/A

1997

4.0

4.6

88%

1998

455.4

714.7

64%

1999

2933.0

3608.6

81%

2000

2560.7

3151.9

81%

2001

347.2

447.1

78%

2002

6828.8

8641.6

79%

Total

27,299.4

35,227.8

77%
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Figure 6. Scatterplot showing the relationship between annual total burn scar area (in km2 ) during 1984–2002 and the
corresponding Burned Ratio, as identified based on the MTBS dataset.

The results of the omission error assessment, including OE and Amissed , are summarized in Table 3 (for Alaska) and Table 4 (for Canada). Our analyses show that MCD64A1
has the highest omission error rates out of the three burned area products in almost every
year in Alaska (Table 3) and in all but three years in Canada (Table 4). Over the 15-year
period, the total omission error rates of MCD64A1 are 45% and 46% for Alaska and Canada,
respectively. FireCCI51 has slightly lower omission rates than MCD64A1 (39% and 37%
for Alaska and Canada, respectively). The omission error rates of ABBA are considerably
smaller, with the total omission error rates being 13% (for Alaska) and 15% (for Canada).
The magnitude of the omission error for the three datasets is fairly consistent across individual years, with the exception being 2001 (when there were minimal fire activities
in the North American HNL and the instrument onboard the Terra satellite was the only
MODIS instrument for data acquisition). As a result, the omission error rates calculated
for all three burned area products for 2001 are exceptionally high, with the OE values for
Alaska approaching 100% for all three products. Based on the overall BR value of 77%
(Table 2), as well as the Atotal and Amapped values (Tables 3 and 4), we estimated Amissed ,
i.e., the “true” burned area that is missed by each burned area product, with ALFD and
CNFDB as references. Our calculation shows that during 2001–2015, the total area missed
by the MCD64A1 product reached 37,964 km2 and 36,804 km2 in Alaska and Canada,
respectively.
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Table 3. Results of the omission error analysis that was based on the ALFD dataset in Alaska. The cells that are highlighted in blue and purple represent the comparisons made at the 500
m and 250 m nominal resolutions, respectively. The cells that contain OE values are colored, with green to red indicating low to high OE values.
Year
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
Total

Atotal, ALFD
(km2 ; 500 m)
896
8492
2423
26,896
19,554
1078
2686
385
11,865
4633
1209
1202
5278
1162
20,698
108,457

Amapped, MCD64A1
(km2 )
0
4844
1308
16,866
12,935
185
1393
110
6152
1436
119
492
1981
449
10,883
59,153

Amapped, ABBA
(km2 )
5
7510
2230
24,236
17,785
779
2186
310
10,679
3573
897
783
4340
867
18,373
94,553

Atotal, ALFD
(km2 ; 250 m)
892
8492
2392
26,888
19,435
1074
2606
386
11,862
4599
1208
1133
5275
1160
20,512
107,914

Amapped, FireCCI51
(km2 )
4
5096
1755
18,310
10,055
391
1818
210
9043
2452
532
580
3107
741
11,991
66,085

OEMCD64A1

OEABBA

OEFireCCI51

100%
43%
46%
37%
34%
83%
48%
71%
48%
69%
90%
59%
62%
61%
47%
45%

99%
12%
8%
10%
9%
28%
19%
19%
10%
23%
26%
35%
18%
25%
11%
13%

100%
40%
27%
32%
48%
64%
30%
46%
24%
47%
56%
49%
41%
36%
42%
39%

Amiss, MCD64A1
(km2 )
690
2809
859
7723
5097
688
996
212
4399
2462
839
547
2539
549
7558
37,964

Amiss, ABBA
(km2 )
686
756
149
2048
1362
230
385
58
913
816
240
323
722
227
1790
10,706

Amiss, FireCCI51
(km2 )
684
2615
490
6605
7223
526
607
136
2171
1653
521
426
1669
323
6561
32,208

Table 4. Results of the omission error analysis that was based on the CNFDB dataset in Canada. The cells that are highlighted in blue and purple represent the comparisons made at the
500 m and 250 m nominal resolutions, respectively. The cells that contain OE values are colored, with green to red indicating low to high OE values.
Year
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
Total

Atotal, CNFDB
(km2 ; 500 m)
1128
600
1618
22,090
4015
1478
4542
4229
2324
4867
3284
3489
6426
35,185
8342
103,617

Amapped, MCD64A1
(km2 )
238
221
1002
12,289
1997
1069
1936
2578
1311
1509
1121
1365
3777
21,611
3796
55,820

Amapped, ABBA
(km2 )
180
313
1413
19,566
3495
1287
3592
3085
2092
3572
2491
2500
5646
31,926
7232
88,390

Atotal, CNFDB
(km2 ; 250 m)
1131
594
1621
22,097
4025
1483
4538
4229
2326
4871
3290
3498
6413
35,179
8348
103,643

Amapped, FireCCI51
(km2 )
263
270
1090
15,413
2631
754
2387
2575
1149
2482
1625
1685
4117
24,224
5009
65,674

OEMCD64A1

OEABBA

OEFireCCI51

79%
63%
38%
44%
50%
28%
57%
39%
44%
69%
66%
61%
41%
39%
54%
46%

84%
48%
13%
11%
13%
13%
21%
27%
10%
27%
24%
28%
12%
9%
13%
15%

77%
55%
33%
30%
35%
49%
47%
39%
51%
49%
51%
52%
36%
31%
40%
37%

Amiss, MCD64A1
(km2 )
685
292
474
7547
1554
315
2007
1271
780
2586
1666
1635
2040
10,452
3500
36,804

Amiss, ABBA
(km2 )
730
221
158
1943
400
147
732
881
179
997
611
762
601
2509
855
11,725

Amiss, FireCCI51
(km2 )
668
249
409
5147
1073
561
1656
1274
906
1840
1282
1396
1768
8435
2571
29,236
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5.3. Commission Error
Our examination of the distribution of the burned areas outside of the buffer zones
(created based on ALFD and CNFDB), as mapped by the three burned area products,
shows both similarities and dissimilarities in the performance of the three burned area
products between Alaska and Canada. In both Alaska and Canada, MCD64A1 maps the
most amount of burned areas outside the fire perimeters delineated by the corresponding
reference fire products (ALFD in Alaska and CNFDB in Canada), with the total mapped
area in both regions approaching 5000 km2 (Figures 7b and 8b). The other two burned
area products, ABBA and FireCCI51, map similar amounts of total burned areas outside
of known fire perimeters in both regions (Figures 7b and 8b). However, the differences
between MCD64A1 and ABBA/FireCCI51 in terms of total burned areas mapped outside
of known fire perimeters differ substantially between Alaska and Canada. In Alaska, only
a small amount of burned areas are mapped by either ABBA or FireCCI51 (Figure 7b);
whereas in Canada, considerable amounts of burned areas are mapped by both ABBA
and FireCCI51 (Figure 8b). As for the interannual variation in the difference between
MCD64A1 and ABBA/FireCCI51, in Alaska, the dominance of MCD64A1 over the other
two is significant in almost every year (Figure 7a), whereas, in Canada, the interannual
variation in the difference between the burned area products is generally not high, with
two exceptions being 2013 (where MCD64A1 maps substantially more areas than the other
two) and 2015 (where FireCCI51 maps considerably more than both MCD64A1 and ABBA)
(Figure 8a). Notably, the interannual distribution of the quasi-burned area mapped by
the VNP14IMG closely resembles that of ABBA’s in both Alaska (Figure 7) and Canada
(Figure 8) among the three burned area products under evaluation.

Figure 7. Comparisons of (a) annual total area and (b) grand total area of burned areas, as mapped by the MCD64A1, ABBA,
FireCCI51 products, that are outside the buffer zones created based on the ALFD burned areas. In (a), the total area of
500 m pixels that have VNP14IMG active fire detections and outside the buffer zones is compared with the three burned
area products as reference.
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Figure 8. Comparisons of (a) annual total area and (b) grand total area of burned areas, as mapped by the MCD64A1, ABBA,
FireCCI51 products, that are outside the buffer zones created based on the CNFDB burned areas. In (a), the total area of 500
m pixels that have VNP14IMG active fire detections and outside the buffer zones is compared with the three burned area
products as reference.

As shown in Table 5, we found that in terms of the commission error rates, most
candidate points for the three burned area products were false positives (i.e., unburned
pixels mistakenly mapped as burned). In Alaska, the commission error rates for MCD64A1
were especially high (2003: 100%, 2004: 100%), followed by FireCCI51 (2003: 100%, 2004:
93%) and ABBA (2003: 90%, 2004: 78%). In Canada, each burned area product has one
commission error rate that is above 50% (58% for MCD64A1 in 2013, 73% for ABBA in 2013,
and 74% for FireCCI51 in 2015).
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Table 5. Results of the visual examination on sample points selected based on the burned pixels located outside the buffer zones as mapped by three burned area products. The cells that
contain CE values are colored, with green to red indicating low to high CE values.
Region

Data
MCD64A1

Alaska

ABBA
FireCCI51
MCD64A1

Canada

ABBA
FireCCI51

Year
2003
2004
2003
2004
2003
2004
2013
2015
2013
2015
2013
2015

Confirmed Burned
Pixel Count
0
0
4
16
0
7
42
64
27
57
94
26

Confirmed Unburned
Pixel Count
100
100
35
56
100
93
58
36
73
43
6
74

Total Examined
Pixel Count
100
100
39
72
100
100
100
100
100
100
100
100

Total Candidate
Pixel Count
2934
5372
39
72
128
1569
7761
3173
4583
3442
25,261
39,689

Total Candidate
Area (km2 )
630
1153
8
15
4
49
1666
681
984
739
788
1237

CE
100%
100%
90%
78%
100%
93%
58%
36%
73%
43%
6%
74%
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6. Discussion
The MODIS fire products have reshaped our collective understanding of the global
wildfire regimes. The MCD64A1 product, by incorporating both reflectance changes and
active fire detections, shows a higher performance than its precursor, the MCD54A1 product [43,74], and has been adopted widely to characterize fire regimes at the regional [75,76],
continental [19,77], and global scales [14,15]. In this project, using high-quality fire history
data available for Alaska and Canada, we systematically evaluated the performance of
the MCD64A1 product in the boreal forest and tundra regions. Rather than relying on
the conventional confusion matrices, here we designed a two-step evaluation scheme that
evaluated the omission error and commission error separately, allowing for the mapping
errors to be highlighted.
Our analyses show that the MCD64A1 product has high omission error rates compared
against the ALFD and CNFDB reference datasets in almost every year between 2001
and 2015 (Tables 3 and 4). In total, nearly half of burned areas mapped by ALFD and
CNFDB burned area data were missed by MCD64A1 over the 15-year period. Previous
research [43] has noted the underestimation of MCD64A1 in the boreal zone; however,
the level of underestimation in this study is higher than what the authors previously
indicated. A closer inspection of the performance of the MCD64A1 product in mapping
the individual burn scars when compared with the ALFD fire perimeters reveals that
MCD64A1’s underestimation of the burned areas primarily stems from the lack of ability
to map out the full extent of the burn scars, rather than missing the burn scars completely
(Figure 9). At the same time, our analyses indicate that the commission error of the
MCD64A1 product is also high. We found that during 2001–2015, 4779 km2 (Figure 7)
and 4915 km2 (Figure 8) of burned areas are mapped by MCD64A1 to be located outside
the fire perimeters reported by ALFD and by CNFDB, respectively. Through inspecting
random sample points generated out of all the burned pixels mapped outside known
burn scars in a few years when large numbers of such pixels were found (i.e., 2003 and
2004 for Alaska and 2013 and 2015 for Canada), we found that most of these burned
areas were erroneous (Table 5). This issue was particularly striking in Alaska, where all
burned pixels mapped by MCD64A1 outside known fire perimeters were found to be
misclassifications. We compared the distribution of these burned areas with the elevation
and slope layers we created based on the Digital Elevation Model (DEM) produced by the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and found
that a majority of these problematic pixels are spatially consistent with high-elevation and
high-slope regions in Alaska. Even though identifying the specific cause of these errors is
beyond the scope of this study, we suspect that they are the results of the reduced mapping
accuracy of MCD64A1’s algorithm when the ground surface shows high percentages of
shadow and/or snow cover. In addition to shadow and snow cover, other surface features
were also found to be associated with MCD64A1’s false positives (e.g., bare ground and
short-lived vegetation), although to a lesser degree.
Even though MCD64A1 has been shown to have both high commission errors and
high omission errors, the commission error is unable to offset the amount of burned areas
that are missed by MCD64A1. In other words, the high omission error of MCD64A1 is
directly responsible for the observed underestimation of burned areas by MCD64A1 as
observed in Alaska (Figure 2) and Canada (Figure 3) when compared with ALFD and
CNFDB, respectively. If we accept the hypothesis that an average of 77% of the areas
within each fire perimeter are actually burned, MCD64A1 underestimates 37,964 km2 and
36,804 km2 of burned area in Alaska and Canada, respectively. This means that during
the 15-year period between 2001 and 2015, an estimation of 74,768 km2 (this number is
estimated based on the hypothesis that an average of 77% of the areas within each fire
perimeter are actually burned within Alaskan forests between 1984 and 2002. The authors
acknowledge the uncertainty associated with it since the Burn Ratio varies significantly
interannually and between different ecosystems), an area that is equivalent to the land
area of the state of South Carolina, USA, of burned areas were missed by MCD64A1 in
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boreal forests and tundra north of 60◦ N in North America. Although similar quantitative
estimation could not be implemented in Eurasian boreal forests and tundra due to a
lack of a reference dataset that is equivalent to ALFD and CNFDB, we are confident that
this Arctic-specific limitation of the MCD64A1 product is likely to hold true in Eurasia
because (1) the MCD64A1 is produced based on a global algorithm, (2) the climate and
environmental conditions in Eurasian boreal forests and tundra are generally similar to
their North American counterparts, and (3) the analyses using the VNP14IMG data as a
reference on two different continents revealed similar results. In this project, the VNP14IMG
active fire data were adopted as a quasi burned area product. Because it overlaps with
other reference datasets in both space (Alaska and Canada) and time (2012–2015) and is
distinctly separate from MODIS, which is incorporated in the algorithm for both MCD64A1
and ABBA, the VNP14IMG active fire data offers a unique benchmark with which both
evaluated and reference fire datasets used in our project could be compared. Considering
Russian wildfires are much more pervasive than North American fires are (Figure 5a),
we expect that the total amount of missed burned areas in Eurasian forests is more likely
to be higher than to be lower than that in North America. Taken together, our findings
indicate that the previous studies that relied on MCD64A1 as a key fire input are likely to
underestimate the fire-related impacts across the HNL.

Figure 9. Close-up views of the differences in burned areas mapped by MCD64A1 and ABBA in Alaska in 2005. The ALFD
fire perimeters are superimposed on top. Areas in gray indicate burned areas that are mapped by both MCD64A1 and
ABBA. Areas in red and green indicate burned areas that are mapped only by MCD64A1 and only by ABBA, respectively.

Compared to MCD64A1, FireCCI51, another global burned area product, has higher
performance in terms of commission error. In Alaska, FireCCI51 maps considerably less
burned area outside the ALFD fire perimeters (Figure 7 and Table 5). In Canada, FireCCI51
is able to identify burned areas that are not accounted for by the CNFDB fire perimeters,
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particularly in 2013 (only 6% of the 25,261 km2 of burned areas mapped by FireCCI51
outside the CNFDB fire perimeters were found to be erroneous, as shown in Table 5).
However, FireCCI51 suffers from the same primary issue that affects MCD64A1, i.e.,
high omission error. We found that over the 15-year period, about 40% of burned areas
in North America north of 60◦ N were missed by FireCCI51, accounting for an area of
61,444 km2 (Tables 3 and 4). Among the three coarse resolution datasets evaluated in this
study, the regionally adapted ABBA product performs considerably better than both global
algorithms (MCD64A1 and FireCCI51). It has substantially lower omission errors than
MCD64A1 and FireCCI51 have (Tables 3 and 4). While ABBA’s commission error rates are
non-negligible (Table 5), we believe it still outperforms the other two products, considering
ABBA maps the least amount of burned areas outside the known fire perimeters in both
Alaska and Canada (Figures 7 and 8). In terms of the interannual distribution, the burned
area mapped by ABBA is consistently the closest to the burned areas mapped by ALFD
(Figure 2) and CNFDB (Figure 3), the two historical wildfire datasets that have high spatial
completeness over the study period. Across the circumpolar domain, ABBA’s burned
area is noticeably higher than VNP14IMG quasi-burned area (Figure 4a), which is shown
to be smaller than both MTBS and ALFD in Alaska (Figure 2a) and CNFDB in Canada
(Figure 3a).
A visual examination of ABBA and MCD64A1 burned areas in boreal forests of Alaska
(Figure 9) shows that MCD64A1 tends to miss significant amounts of burned areas within
confirmed burned scars. A similar discontinuity of mapping within burns is noted in
Siberia (Figure 10 and a visual comparison against Google Earth imagery; results not
shown here). In contrast, ABBA is able to map burned areas more consistently within
known scars (Tables 3 and 4, Figures 9 and 10), which is likely the reason why its total
burned area resembles the ALFD and CNFDB the best. Although this study does not
aim to identify the mechanisms that explain the apparent differences in the performance
of the MCD64A1 and ABBA products, our visual examinations point to the inclusion
of spring imagery from the year after the year of fires by the ABBA algorithm; a major
contributing factor to a more complete mapping of burned areas. The lack of clear surface
observations, due to smoke, cloud cover, and eventually snow cover, limits the capacity of
burned area algorithms to map the full extent of the burn scars within the same fire season.
Consequently, ABBA adopts snow-free imagery acquired in the spring following the fire
events to aid the delineation of the burned scars [48].
The analyses carried out in this study are subject to the influence of several sources of
uncertainty. For example, the reference fire products from which known fire perimeters
were extracted may have missed certain wildfires. This is particularly likely for CNFDB,
as has been reported in the literature [78]. This may explain the considerably lower
commission error rates of the three burned area products in Canada compared to Alaska.
In addition, we used the mean BR value (77%) identified based on Alaskan wildfires in our
estimation of missed burned areas by the three burned area products over North American
boreal and tundra wildfires, which is a practice that will introduce uncertainties. Our
analysis, as well as previous research [70], shows that the proportion of unburned areas
within wildfire perimeters varies significantly with the fire size (Figure 6). Considering
MTBS does not report burn severity maps for fires whose size is below 4 km2 , this means
the BR value that we used may not be representative of all wildfires in North America.
Moreover, since BR likely also varies with vegetation types and species compositions, the
BR value that we used may not be representative of the mean conditions of wildfires in
tundra (since tundra fires are much scarcer than boreal forests) or Russia (since we do not
have high-quality reference data products for Russian forests).
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Figure 10. Close-up views of the differences in burned areas mapped by MCD64A1 and ABBA in Eastern Siberia in (a) 2002,
(b) 2012, and (c) 2014. Areas in gray indicate burned areas that are mapped by both MCD64A1 and ABBA. Areas in red and
green indicate burned areas that are mapped only by MCD64A1 and only by ABBA, respectively.

7. Conclusions
In this project, we evaluated the performance of two global burned area products, i.e.,
MCD64A1 and FireCCI51, in the circumpolar boreal forests and tundra between 2001 and
2015. Despite some uncertainties (which are discussed above), we believe the multiple
pieces of evidence that we have presented here all suggest that these two global burned
area products, particularly MCD64A1, considerably underestimate the extent of wildfires
in the HNL. This, coupled with the crucial role of wildfire in arctic and boreal ecosystems,
implies that studies based on the data provided by the MCD64A1 and FireCCI51 are likely
to substantially underestimate fire-related impacts in the HNL areas of the globe. While
global algorithms undoubtedly play a critically important role in understanding global
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dynamics of fire occurrence, the much higher accuracy of ABBA estimates points to the
substantial advantages offered by regionally adapted algorithms for regionally focused
studies. A current practical limitation of using the ABBA product is its limited spatial
(north of 60◦ N) and temporal coverage (2001–2015). We hereby call for the expansion of
the ABBA product both spatially (moving the southern boundary to 50◦ N, which would
cover the majority of the boreal forest biome) and temporally (producing ABBA for the
years since 2015). To our knowledge, there is no known ecological or technical reason that
would prevent such expansions. In addition, we believe an updated ABBA product will
further contribute to our collective understanding of the wildfire regimes in circumpolar
ecosystems.
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