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Abstract. With the recently observed and projected trends of growing wildland fire occurrence in high northern
latitudes, satellite-based burned area mapping in these regions is becoming increasingly important for scientific and fire
management communities. Coarse- and moderate-resolution remotely sensed data products are the only viable source of
comprehensive and timely estimates of burned area in remote, sparsely populated regions. Several MODIS (Moderate
Resolution Imaging Spectroradiometer)-based burned area products for Alaska are currently available. However, our
research shows that the existing burned area products underestimate the extent of the effect of fire by 15-70%.
Environmental conditions limit the effective observation of land surface in Alaska to the period between May and
September. These limitations are particularly noticeable in mapping late-season fires. Here we present an ecosystem-based
modification to a previously developed burned area mapping approach designed to enhance the algorithm performance in
Alaska. The mapping results show a consistently high performance of the adjusted algorithm in mapping burned areas in
Alaska during large (2004 and 2005) and small (2006 and 2007) fire years. The adjusted burned area product maps burned
areas identified by the Monitoring Trends in Burn Severity products with the overall accuracy of 90-93% and Kappa of
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0.67-0.75%.

Additional keywords: boreal forest, high northern latitudes, wildland fire.

Introduction

High northern latitudes of North America, and Alaska in par-
ticular, have seen a dramatic increase in fire occurrence over
the past several decades. Scientists are reporting an increase in
the total area burned (Gillett ef al. 2004) and frequency of large
fire seasons (Kasischke and Turetsky 2006; Soja et al. 2007,
Ivanova et al. 2010) across the boreal region. Wildland fires
occur in remote and inaccessible areas, making them particu-
larly difficult to monitor and map using field techniques and
increasingly more expensive in terms of aerial-based assess-
ment. At the same time, satellite-based remote sensing offers
practical solutions for development of a long-term, consistent,
detailed and unbiased record of fire activity in this region.
Several satellite-based fire monitoring programs and pro-
ducts are currently available to the fire management and
scientific community. These include daily observations of
on-going fire activity from the Moderate Resolution Imaging
Spectroradiometer (MODIS) active fire product (Giglio et al.
2003), monthly records of burned area from the provisional
global MODIS burned area product (Roy et al. 2005, 2008),
Landsat-based burn severity estimates produced within the
Monitoring Trends in Burn Severity (MTBS) program (see
http://mtbs.gov/, accessed 27 August 2010), and data products
from analysis of AVHRR (Advanced Very High Resolution
Radiometer) data (Pu ef al. 2007; Chuvieco et al. 2008).
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Although the suite of available products includes coarse-
(1km), moderate- (250-500m), and high- (30 m) resolution
observations, only coarse- and moderate-resolution data provide
a feasible method for obtaining timely information about the
spatial extent of fire occurrence during the fire season or
immediately following the fire season as data availability of
cloud-free observations at high resolution is limited (Verbyla
et al. 2008).

The MODIS instrument on board the polar orbiting Terra and
Aqua satellites offers enhanced opportunities for fire observa-
tions (Kaufman et al. 1998). The suite of standard MODIS
products includes global active fire observations (Giglio et al.
2003) and the provisional global MODIS burned area product
(Roy et al. 2005, 2008), as well as surface reflectance datasets
from which custom ecosystem-specific burned area products
have been developed (e.g. Loboda ez al. 2007). The expected
continuity of moderate- to coarse-resolution satellite data that
will be available through the launch of the Visible Infrared
Imaging Radiometer Suite (VIIRS) on the National Polar-
orbiting  Operational ~Environmental  Satellite  System
(NPOESS) positions these products and methodologies to
become a reliable long-term source of fire-related information
in the future.

Despite the advantages offered by high-frequency coverage
of high northern latitudes from coarse- and moderate-resolution
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polar orbiting satellites, there are several environmental con-
straints on satellite-derived observations of surface area in these
regions. One of the most pronounced limitations for using
reflected visible and infrared radiation at high northern latitudes
is defined by the seasonal variation of incoming solar radiation
due to high solar zenith angles (SZAs). Regions above 60°N
receive little or no incoming solar radiation during several
months within a year. During the months when polar areas
receive a substantial amount of solar radiation, the SZA is high.
High SZAs minimise the amount of incoming solar radiation
reaching the surface in two important ways. First, the amount
of incoming radiation per unit area decreases as a function of
cosine of SZA (Schott 1997). Consequently, with the rising SZA
from 0° to 30°, 60°, 75° and 80°, the total amount of incoming
solar radiation fraction per unit area drops sharply from 1 to
0.87, 0.5, 0.26 and 0.17 respectively. Second, the amount of
solar radiance reaching the surface is further decreased with the
lengthening of the path of incoming solar radiation through the
atmosphere, where it interacts with gases and aerosols and is
absorbed, reflected and scattered (Schott 1997). Finally, high
SZAs contribute to the increased amount of topographic sha-
dowing and thus further limit the amount of clearly observable
land surface (Verbyla et al. 2008).

In addition to limitations imposed by variability in solar
illumination, burned area mapping efforts are impeded by
smoke-related high aerosol concentrations, cloud cover, cloud
shadow and snow cover when direct observations of land-
surface characteristics are unavailable. Smoke poses a challeng-
ing problem as fires in Alaska and other high northern latitudes
tend to burn for an extended period of time, effectively masking
areas burned for a significant portion of the snow-free season.
This problem is particularly challenging during late-season fires
when burned areas are quickly covered with snow and remain
masked until the following year. Furthermore, the compound
effects of snowmelt, snowmelt-induced flooding and early
vegetation senescence alter surface reflectance signatures,
which frequently resemble those of burned areas (Roy et al.
2005).

The goal of this study was to carry out an assessment of
various burned area mapping approaches that can be applied to
MODIS data, evaluate regional characteristics of fire occur-
rence from the MODIS active fire observations, and define
limitations in data availability of land-surface observations in
order to develop an understanding of burned area mapping
challenges in Alaska and develop an adjustment to the existing
regional MODIS-based algorithm (Loboda et al. 2007) to
improve the accuracy of burned area mapping in Alaska. The
initial step in our study (‘Environmental challenges in satellite
mapping of burned area in Alaska and other high northern
latitudes’ section) was an evaluation of fire regimes in Alaska
and an assessment of factors limiting the use of MODIS data for
mapping burned area in high northern latitude regions. The
‘Burned area estimates for Alaska from existing MODIS pro-
ducts and algorithms’ section presents a comparison of three
MODIS-based burned area products for the 2004 fire season
in Alaska. Based on the presented assessments, we modified
the approach of Loboda et al. (2007) to include processing of
MODIS data from the spring of the year following the fires.
This portion of the study is presented in the ‘Algorithm
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modifications for the regional burned area product specific to
Alaska’ section.

Environmental challenges in satellite mapping of burned
area in Alaska and other high northern latitudes

This study focussed on mapping burned areas in Alaska that were
contained within MODIS tiles h10v02, h11v02 and h12v02
(Wolfe et al. 1998), which fully cover the interior region of the
state where most wildland fires occur (Kasischke et al. 2002)
(Fig. 1). To identify the specific challenges of burned area
mapping from remotely sensed data in high northern latitudes,
we evaluated primary and auxiliary information available in
two standard MODIS products for data collected from 2003 to
2007. We used the Collection 5 MODIS active fire product
(MOD14A1 and MYD14A1) (Giglio et al. 2003) to provide an
assessment of observed fire activity during this period (described
in the ‘Fire season characteristics’ section). In addition, we used
auxiliary information provided within the Collection 5 MODIS
8-day surface reflectance composites (MODO09A1) (Vermote
et al. 2002) to describe environmental conditions enabling
or impeding observations of land surface in the study area
(‘Constraints on using MODIS land-surface observations for
burned area mapping in high northern latitudes’ section).

Fire season characteristics

Our analysis of active fire detections derived from the MODIS
data across all of Alaska demonstrated that the majority of fire
activity (on average ~90% of all fire detections annually
between 2004 and 2007) is concentrated in interior Alaska
between 60° and 70°N, supporting previously reported estimates
(Kasischke ef al. 2002). The present analysis also showed that
the primary fire season in Alaska occurred during 3 months of
the year — June, July and August. Between 2003 and 2007, 99%
of all fire detections were recorded during June—August, with
August detections accounting for ~48% of the S5-year total.
The high percentages of late-season fires were driven by the
extremely large events during 2004 and 2005 seasons that
together accounted for 91% of all fire detections between 2003
and 2007. Despite the differences in the total amount of fire
activity, the intra-annual dynamics of fire occurrence followed
the same pattern for all years. Although overall few fires were
detected before June, in 2007 nearly 7% of all detected fires
occurred in May, and in some years (2005, 2006) small fires
were observed as early as April. The majority of fires were out
by the end of August, with few fires continuing into September.
The 2007 fire season presents an exception because one of
the largest fires during that year burned through the end of
September. However, during the 5-year period, September fires
accounted for ~2% and spring fires accounted for less than
0.5% of all MODIS fire detections.

Constraints on using MODIS land-surface observations
for burned area mapping in Alaska and other high
northern latitudes

The MODIS 8-day surface reflectance composites product
retains auxiliary information about the SZA of a pixel at the time
of image acquisition. We used these data to analyse the mean
SZA of remotely sensed data during the 2003—-07 period by
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Fig. 1.

Geographic extent of the study area within the MODIS (Moderate Resolution Imaging

Spectroradiometer) tiles h10v02, h11v02 and h12v02. The MODIS tiles are reprojected from
their native sinusoidal projection to the Albers conical equal area projection for Alaska.
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Fig. 2. Five-year mean seasonal change in solar zenith angles (SZAs) of remotely sensed observa-
tions acquired by the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument as
summarised in the Collection 5 MODO09A1 product in Alaska. The lines represent 5-year mean SZAs

at various parallels between 60° and 70°N.

latitude (Fig. 2). Because of the overlap of satellite orbits in the
high northern latitudes, the MODIS sensor on board the same
satellite (Terra) can acquire images of the same area at different
local overpass times, thus resulting in variability of the SZA not
only due to the seasonal change but due to the time of acquisition
as well. The SZA has a direct and considerable effect on
observations of vegetation. Several studies noted the SZA-
driven signal modification in visible and near-infrared

wavelengths particularly above 70° SZA, and it has been sug-
gested that observations at 80° SZA and greater should be dis-
carded (Holben 1986; Deng and Di 2001; Chen et al. 2003). The
most optimal vegetation observation conditions at SZA =60°
(Singh 1988) occur between the beginning of April and the
beginning of September with an ~30-day shorter period at
the northern (70°N) boundary and ~30-day longer period at the
southern (60°N) boundary.
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In addition to SZA-induced limitations, the quality of
MODIS-based surface observations is strongly influenced by
atmospheric and other environmental conditions such as cloud
cover and cloud shadow, the amount of aerosols in the atmo-
spheric column, and the presence of snow on the ground. We
used the MODO09A1 500-m quality state flags information to
evaluate the 5-year mean (2003—07) intra-annual trajectories of
these conditions in Alaska. Table 1 lists respective unpacked bits
and accepted values used in evaluation of those parameters. We
limited the analysis to the evaluation of conditions over the land
surface only and expressed them as percentage of total land
surface within each category. Fig. 3 shows that the entire state of
Alaska is snow-free only between early June and the beginning
of September. Snow-melt and snow-establishment are rapid
events, lasting on average 1 month during May and September
respectively.

During the snow-free period, high aerosol concentrations,
partially due to on-going wildland fires, obscure 30-35% of the

Table 1. Accepted values from the MOD09A1 500-m Surface

Reflectance Data State (500-m state flags) packed bit layer for the

analysis of the environmental conditions and identification of clear land
surface for burned area mapping

T. V. Loboda et al.

land area (Fig. 3). Cloud and cloud-shadow interference during
the summer months is relatively low (<20% of land area). The
amount of clearly observable surface drops to ~37 and ~50%
in May and September respectively, and then goes below 20%
from October through April (Fig. 4). The reduction in the
availability of uncontaminated MODIS imagery later in the fire
season reduces the effectiveness of algorithms that use data only
from the same year that the fire occurred, especially during
large-fire years when late-season burning is common.

Burned area estimates for Alaska from existing MODIS
products and algorithms

For fire events that occurred in 2004, we compared end-of-
season burned area maps from the MODIS Collection 5 provi-
sional burned area product (MCD45A1) (Roy et al. 2008), the
MODIS direct broadcast burned area product (Giglio e al. 2009),
and a regional MODIS burned area product generated through
using the approach of Loboda et al. (2007) with the MTBS
dataset that was generated through analysis of Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+)
data. The MODIS Collection 5 provisional burned area product
uses MODIS surface reflectance data to provide the approximate
day of burning or unburned information for each 500-m pixel
(Roy et al. 2008). The MODIS direct broadcast burned area

Bit number ~ Parameter name Accepted values . .
- pl ear land product combines MODIS surface reflectance data with the
nvironmental Clear lan MODIS active fire product and the MODIS land-cover product to
conditions analysis surface . . . . .
provide the approximate day of burning or unburned information
0-1 MOD35 cloud 1-2 0,3 for each 500-m pixel (Giglio ef al. 2009). The regional MODIS
2 Cloud shadow 1 0 burned area product combines MODIS surface reflectance data
34 Land or water flag 1 1 with the MODIS active fire product to provide a region-specific
6-7 Aerosol quantity 0,3 1,2 approximate day of burning or unburned information for each
89 Cirrus detected 3 0-2 500-m pixel (Loboda et al. 2007). In Alaska, the MTBS dataset
10 Internal cloud flag 1 0 . . ..
includes spatially explicit burn scars greater than 404ha
11 Internal fire flag 0 1000 lassified i 1 b . .
12 MOD35 snow or ice | 0 ( . agres) classified into several burn severity categories
15 Internal snow or ice 1 0 (Eidenshink et ‘al. 2007). In the present assessment, we used
the MTBS differenced Normalised Burn Ratio (dNBR)
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Fig. 3. Five-year mean seasonal trajectories of the presence of cloud cover, cloud shadow, aerosols
and snow cover from the Collection 5 MODO09A1 500-m quality state flags.
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(Lopez Garcia and Caselles 1991) product, which allowed us to
separate ‘burned’ from ‘unburned’ categories within the MTBS
perimeters according to the scheme presented in Table 2. We
further used confusion matrices to evaluate mapping accuracy for
various MODIS-based algorithms within the MTBS analysis area
(Fig. 5). More information about each burned area product and
associated algorithm can be found in the respective articles cited.

The analysis showed that all existing MODIS-based algo-
rithms included in this comparison underestimated burned area
in Alaska in 2004 (Table 3). All three MODIS products under-
reported burned area when compared with the Landsat-based
estimates. The major source of the underestimation of burned
area resulted from one very large scar (298 188 ha) representing
a late-season fire still burning in September (mapped by the
MODIS active fire product) (Fig. 6). In this case, burning
continued through the middle of September, thus leaving a
limited time-window after fire occurrence to collect the MODIS
data required to map the areal extent of the burn within the same
season as required by all MODIS-based algorithms assessed in
this study.

In addition to the per-pixel assessment of mapping accuracy
provided above, we assessed reported burned area estimates
per individual fire scar compared with the MTBS perimeters
(Table 4, Fig. 7). Although the MTBS perimeters include
unburned islands, this analysis allows for a better comparison
of fire-affected area than the MTBS dNBR products, which
incorporate mapping gaps due to cloud presence and Landsat 7
Scan Line Corrector (SLC Off) artefacts (Fig. 5). According to
the results of this intercomparison, all three MODIS products
under-reported burned area when compared with the Landsat-
based estimates: by 70% for the MODIS provisional burned area
product, by 24% for the MODIS direct broadcast algorithm, and
by 15% for the regional MODIS algorithm. It was expected that
regionally adapted burned area thresholds would yield more
accurate results compared with the global products of the
MODIS Collection 5 provisional burned area product and the
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MODIS direct broadcast burned area product. The analysis also
showed that the major source of underestimation was in map-
ping extremely large burn events, and that the reported accuracy
improves as the size of individual burns decreases. For all fire
events under 100 000 ha, the MODIS-based estimates improve
for all products to 60, 12 and 9% underestimation for the
provisional burned area, direct broadcast, and regional algo-
rithms respectively. This finding sounds counterintuitive and
appears to contradict results of previous studies that show that
mapping accuracy from moderate-resolution data sources
increases with an increase in burn scar size (Fraser et al. 2000;
Pu et al. 2007). However, subsequent evaluation revealed that
the accuracy of burned area estimates was not driven as much
by the size of the burn as by the late-season timing of burning
during the year effectively closing the mapping window for the
‘end-of-the year’ mapping approaches.

Algorithm modifications for the regional burned area
product specific to Alaska

Methods

The analysis of environmental conditions in high northern lati-
tudes indicates that late-season fires are unlikely to be mapped

Table 2. Reclassification scheme for the Monitoring Trends in Burn
Severity (MTBS) burn severity classes for the burned area accuracy
assessment
Input class Definition Output class

0 Unburned, outside perimeter Unburned
1 Unburned to low severity Unburned

2 Low severity Burned
3 Moderate severity Burned
4 High severity Burned
5 Increased greenness Excluded
6 Non-processing area mask Excluded

[ 2003 [ 2004 2005 [ 2006 @ 2007

] il i A ! i |A

Sep Oct

Nov Dec

Month

Interannual variability in clear land-surface observations from the Collection 5

MODO09A1 500-m quality state flags between 2003 and 2007.
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by any algorithm based on a fixed time-window of post-fire
surface observations limited to the same year. One possible
solution, which was previously suggested for mapping burned
area in Alaska using AVHRR data (Kasischke and French 1995),
includes adding the following year’s spring composite to fill in

|:| Outside the analysis area

|:| Unburned
- Burned

I Excluded

20 0 20 40km
s ™ e = |

Fig. 5. Reclassified Monitoring Trends in Burn Severity (MTBS) data
products and their components used in the assessment of MODIS (Moderate
Resolution Imaging Spectroradiometer)-based algorithm performance.

Table 3.

T. V. Loboda et al.

the gaps left by the lack of sufficient clear surface observations
during the given fire season. In order to optimise mapping
accuracy of the regional MODIS burned area algorithm for
Alaska, we modified the original Loboda et al. (2007)
methodology to include pre-season and post-season spring
composites as described below.

First, burned areas were mapped following the original
methodology of Loboda et al. (2007). This methodology is
based on semi-automated processing of standard MODIS land
products into burned area maps using information about
changes in surface reflectance due to fire and the record of
fire activity. The algorithm ingests the MODIS 500-m 8-day
surface reflectance composites (MOD09A1) (Vermote et al.
2002) collected during the year of interest and the year before,
masks out poor-quality data using MODO09A 1 quality bits, and
produces 8-day dNBR grids. A set of vegetation-dependent
dNBR thresholds is then developed by an analyst to reflect
ecosystem-specific changes in surface reflectance due to fire.
These masks of potential burning, created by separating the
dNBR grids into ‘potentially burned’ and ‘unburned’ catego-
ries, are further compared with the observed fire activity
recorded by the MODIS active fire detections (Giglio et al.
2003) to eliminate instances of surface reflectance change due
to reasons other than fire. At this stage, two thresholds are set
for active fire detections included in the analysis: (1) the area
threshold that defines a minimum of active fires detections per
unit burned area, and (2) the temporal threshold, which is
defined by the longevity of a burn scar, the possible length of a
fire-event occurrence, and the possible length of a period of
persistent cloud cover impeding surface observations. Finally,
the resultant 8-day burn masks are merged into an end-of-
season burned area product. With the changes introduced in
the MODIS Collection 5 reprocessing, new updates to accept-
ability of pixels for burned area mapping were defined
(Table 1). Spatial and temporal thresholds were determined
using a sample of known burned area within Alaskan boreal

Summary of confusion matrix results comparing moderate resolution MODIS (Moderate Resolution Imaging Spectroradiometer)-based

products, including provisional burned area (Prov BA) algorithm, direct broadcast burned area (DB) and regional burned area (Reg BA) algorithm,
with MTBS (Monitoring Trends in Burn Severity) burns for 2004 fire season and multiyear comparison of the regional adjusted algorithm with MTBS
burns between 2004 and 2007

Producer accuracy (%) User accuracy (%) Overall accuracy (%) Kappa
Prov BA Unburned 97.86 81.79 81.86 0.37
Burned 31.69 82.56
DB Unburned 92.73 92.77 89.01 0.7
Burned 77.35 77.26
Reg BA Unburned 91.12 93.27 88.28 0.69
Burned 79.38 74.05
Regional adjusted burned area mapping algorithm
2004 (n=78943176) Unburned 89.57 97.06 90.03 0.75
Burned 91.5 73.68
2005 (n=69 612 885) Unburned 91.05 97.19 90.97 0.76
Burned 90.69 74.11
2006 (n=5380676) Unburned 92.95 97.39 91.69 0.67
Burned 83.15 63.57
2007 (n=13246336) Unburned 93.83 97.96 93 0.73
Burned 87.8 69.5
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forests obtained from MTBS Landsat scenes following the
methodology described in Loboda er al. (2007). Regional
dNBR thresholds were established at 0.25 and 0.2 for areas
with tree cover >10% and =10% respectively. MODIS pixels
with values above those thresholds were considered
potentially burned. The potentially burned pixels were further
compared with the active fire detection to ensure that the
observed change in surface reflectance occurred owing to
burning. The active fire detection thresholds, designed to limit
the selection of appropriate samples of active fires from the
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MODIS active fire product, were set at three times the area
mapped by active fires for the area threshold and 64 days
before the date of the given composite for the temporal
threshold. For a more complete description of threshold
identification, see Loboda ef al. (2007).

The spring composite was automatically created from the
MODIS 8-day composite files acquired during late April-May
(composite Julian Dates (JD) 121-153) to develop a pre-fire-
season clear surface view. The analysis of active fire detections
(see ‘Fire season characteristics’ section) showed that few fires

(b)

1

3

Fig. 6. Comparison of Monitoring Trends in Burn Severity (MTBS) scar with: (@) MODIS (Moderate Resolution
Imaging Spectroradiometer) provisional burned area; () MODIS direct broadcast algorithm; (c) regional MODIS
burned area algorithm; and (d) adjusted regional MODIS burned area algorithm. MTBS burn perimeters are cross-
hatched black and MODIS-based burned area products are shown in solid grey.

Table 4. Summary of regression model results comparing moderate-resolution MODIS (Moderate Resolution Imaging Spectroradiometer)-based
products, including provisional burned area (Prov BA) algorithm, direct broadcast burned area (DB) and regional adjusted (Reg BA) algorithm, with
MTBS (Monitoring Trends in Burn Severity) fire perimeters for 2004 fire season

Product Regression model Regression coefficient

R? F statistic Significance Coefficient ¢ statistic 95% confidence interval Significance
Prov BA 0.81 287.5 P <0.0001 0.302 17.0 +0.036 P <0.0001
DB 0.92 983.3 P <0.0001 0.764 31.6 +0.048 P <0.0001
Reg BA 0.93 9423 P <0.0001 0.851 30.7 +0.055 P <0.0001
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Fig. 7. Comparison of MODIS (Moderate Resolution Imaging Spectro-
radiometer)-based burned area products ((a¢) MODIS provisional burned
area; (b) MODIS direct broadcast algorithm; and (c) regional MODIS
burned area algorithm) with Monitoring Trends in Burn Severity (MTBS)
burn perimeters for 2004 fire season (P < 0.0001).
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occurred during this time and they were easily separated from
the fire scars of the previous year. The JD 153 MODIS 8-day
composite was then modified using the information contained in
the quality layer to mask out pixels of low quality (Table 1). The
masked-out pixels from the base composite were filled with
acceptable-quality pixels from the composite of the previous
date (JD 8). The process was repeated until the JD reached 121,
after which the remaining poor-quality pixels were permanently
masked out. The JD 121 cut-off date was based on the snow-melt
trajectories described in the ‘Constraints on using MODIS land-
surface observations for burned area mapping in Alaska and
other high northern latitudes’ section.

Visual analysis of multiyear burned area mapping using the
original regional burned area algorithm showed that new burn
scars were frequently found to be adjacent to the burns from the
previous year. To eliminate the potential confusion in the year
of burning, a pre-fire-season spring composite was created to
exclude previously burned areas. MODIS09A1 composites
between JD 121 and 153 were combined in a single clear-
surface pre-burn composite for year; and year; | with preferen-
tial selection of later dates in the compositing time-window. The
subsequent processing included analysis of three spring compo-
sites: the spring pre-fire-season composite (year;), the spring
post-fire season composite of the following year (year;, ), and
the spring pre-fire-season composite of the previous year
(year;_;). dNBR images were calculated for composites from
(1) year; ; and year;, and (2) year; and year;,;. The dNBR
images were further processed using the regional thresholds
developed for Alaska and using cumulative fire detections from
the previous year for the pre-fire-season dNBR composite and
from the current fire season for the post-fire ANBR composite.
The resultant burned area masks from the post-fire season were
merged with the burns mapped using the original algorithm.
Finally, the pre-fire-season masks were erased from the resultant
product. Fig. 8 shows the overall flow of the adjusted regional
burned area mapping algorithm.

Accuracy assessment

We applied the adjusted regional algorithm to the MODIS data
for four fire seasons (2004—07) to test the interannual stability of
algorithm performance during large (2004 and 2005) and small
(2006 and 2007) fire years. The MODIS-based burned area maps
were compared with the MTBS fire scars produced for 2004-07.
We applied dNBR-based thresholds provided within the MTBS
products and reclassified the MTBS product following the
scheme presented in Table 2 to identify burned and unburned
areas, and areas excluded from the analysis. We further com-
pared burned and unburned categories within each class at the
MTBS resolution (30 m) through confusion matrices.

The results show that the adjusted regional algorithm
improved burned area estimates for Alaska during the 2004 fire
season from Kappa = 0.69 to Kappa = 0.75 (Table 3). Although
the statistical estimates appear to reflect relatively small
improvements in the algorithm’s mapping accuracy, visual
examination reveals a considerable success in improving the
completeness of burned area mapping, particularly for late-
season fires (Fig. 6d). The performance of the algorithm was
stable from 2004 to 2007, with the overall accuracy of burned
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area estimates ranging between 90 and 93% and Kappa values
ranging between 0.67 and 0.76 during 2004—07. The Producer
and User Accuracies are consistent in the product between the
years. The ‘burned’ class commission error is the most signifi-
cant source of disagreement between the MTBS estimates and
those produced by the adjusted regional MODIS algorithm.
In most instances, the commission error is attributed to the edge
effect of the moderate-resolution MODIS pixels and to the
internal variability of burn within a single MODIS pixel. Spatial
aggregation effects are known to increase total burned area in
moderate- and coarse-resolution products (Fraser et al. 2004),
and the scale difference between MODIS-based products and
the Landsat-based validation set explains some of the error (Eva
and Lambin 1998). However, in some cases the ‘commission’
error in the burned area class is a result of missing burn maps in
the MTBS dataset. Although the MTBS dataset only includes
scars with area greater than 404 ha, the adjusted regional
MODIS burned area algorithm includes all burns within the
unburned areas of the MTBS dataset.

We attribute the variation in performance between the
MODIS Collection 5 provisional burned area product, the MODIS
direct broadcast burned area product, the regional MODIS
burned area product and the adapted regional MODIS burned
area product to differences in approach and input data. The
provisional burned area product is the only one of the set that
does not use the MODIS active fire product and is based solely
on changes in surface reflectance. The MODIS direct broadcast
product is based on changes within a 10-day window, and if no
clear observations are available owing to smoke-related high
aerosol concentrations or cloud cover, then the pixel may not
be mapped as burned. Both of these products are global and
therefore do not focus on regional specifics. A version of the

regional MODIS burned area product was developed for use
in central Siberian boreal forests and focusses on specifics of
boreal ecosystems while taking advantage of changes in surface
reflectance and active fire detections within ecosystem context.
However, the adjusted MODIS burned area product improves on
that algorithm by solving the issues of missed burned pixels due
to smoke-related high aerosol concentrations or cloud cover and
late-season burning.

Conclusions

Moderate-resolution remotely sensed burned area products are
important for providing timely and unbiased fire-monitoring
programs in Alaska as well as other high northern latitudes.
Daily data acquisition by moderate- and coarse-resolution
instruments provides the only opportunity for developing
automated and semi-automated burn mapping approaches that
can be produced operationally. However, there are particular
challenges to mapping burned areas due to limitations imposed
by data availability during and after the completion of the fire
season. Our analysis indicates that remote-sensing observations
of areas in Alaska and other high northern latitudes are effect-
ively limited to a 5-month period (May through September),
with the optimal conditions during June, July and August.
However, even during the optimal data collection period, the
combined effects of smoke-related high aerosol concentrations,
cloud cover and cloud shadow allow for clear observations of
only 60—70% of the land area. Smoke is particularly challenging
because fires burn for an extended period of time in Alaska and
at high northern latitudes. During late-season fires, smoke can
often persist until there is snow cover, thus effectively masking
the burn until the following year.
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A successful approach to dealing with these limitations is
presented in the modification of the existing regional algorithm
to include pre- and post-fire season spring composites in the
overall algorithm processing chain. These composites provide
additional information on the spatial extent of the effect of fire
on the land surface for late-season fires while still allowing for
automated processing of the satellite observations. The pre-
sented adjustment to the regional algorithm improved burned
area estimates from a Kappa of 0.69 to 0.75 in the 2004 fire
season compared with the original algorithm and was able to
produce reliable and accurate estimates of burned areas in
Alaska between 2004 and 2007.
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