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Abstract: An algorithm based on a Bayesian network clagsifias adapted to produce
10-day burned area (BA) maps from the Long TermaRecord Version 3 (LTDR) at a
spatial resolution of 0.05° (~5 km) for the NortimArican boreal region from 2001 to
2011. The modified algorithm used the Brightnessiperature channel from the Moderate
Resolution Imaging Spectroradiometer (MODIS) baddT3; (11.03um) instead of the
Advanced Very High Resolution Radiometer (AVHRRn®4als (3.75um). The accuracy
of the BA-LTDR, the Collection 5.1 MODIS Burned ArgMCD45A1), the MODIS
Collection 5.1 Direct Broadcast Monthly Burned A@aCD64A1) and the Burned Area
GEOLAND-2 (BA GEOLAND-2) products was assessed ggieference data from the
Alaska Fire Service (AFS) and the Canadian Foreswi& National Fire Database
(CFSNFD). The linear regression analysis of theedrarea percentages of the MCD64A1
product using 40 km x 40 km gridersusthe reference data for the years from 2001 to
2011 showed an agreement 6f:R0.84 and a slope = 0.76, while the BA-LTDR shdwe
an agreement of R= 0.75 and a slope = 0.69. These results repraseiniprovement over
the MCD45A1 product, which showed an agreement’sf R.67 and a slope = 0.42. The
MCDG64A1, BA-LTDR and MCD45A1 products underestinthtibe total burned area in
the study region, whereas the BA GEOLAND-2 produetrestimated it by approximately
five-fold, with an agreement ofR= 0.05. Despite MCD64A1 showing the best overall
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results, the BA-LTDR product proved to be an akitre for mapping burned areas in the
North American boreal forest region compared with dther global BA products, even
those with higher spatial/spectral resolution.

Keywords: LTDR; MODIS; MCD64Al; MCD45A1; GEOLAND; burned aag
boreal forest; North America

1. Introduction

Forests provide a range of beneficial servicesh @ habitats for organisms, climate regulation,
biodiversity, soil conservation and watershed ptod@. Currently, forests cover approximately 30%
of the total Earth’s land surface [1]. The boreaktt extends across the northern continents athNor
America, Europe and Asia. In certain areas, thedddorest extends more than 2000 kilometers from
North to South. This forest is the largest biomeoaon planet, and stores approximately 40% of the
total carbon in terrestrial ecosystems [2,3]. Bbfeeests store carbon in surface vegetation, but i
addition they have accumulated carbon for millenniassociated soils, permafrost deposits, wetlands
and peat lands that has been sometimes underestifdeb].

Since the advent of Earth observation from spa@mpte sensing has become a valuable tool for
the scientific community and natural resource mamagoecause it enables the periodic collection of
data in different bands of the electromagnetic spet on very wide and inaccessible areas of the
Earth [6].

Recently, the international community has made idenable progress in the development of
initiatives for global monitoring because such mifation is critical to global issues such as clenat
change and land use change [7]. The Moderate Resolmaging Spectroradiometer (MODIS) and
Long Term Data Record (LTDR) programs from the blai Aeronautics and Space Administration
(NASA) and the European VEGETATION program are epka® of such initiatives that provide daily
imagery and higher level land and atmosphere ptsdac global mapping.

» The MODIS program is part of the Earth Observaggstem (EOS) that provides daily data in 36
spectral bands (from 0.412 to 14.28%) with three native spatial resolutions (250 m) &0 and
1,000 m). Daily observations are acquired by theldéfate Resolution Imaging Spectroradiometer
(MODIS) onboard both the Terra and Aqua satellisgfprms and transferred using the Tracking
and Data Relay Satellite System (TDRSS). Subselgudéim¢ data from the observations are sent
to the Earth Observation System (EOS) Data and &lipas System (EDOS). The Level 1A,
Level 1B, geolocation and cloud mask products aechigher-level MODIS land and atmosphere
products are produced by the MODIS Adaptive PracgsSystem (MODAPS) and are then
parceled out among three Distributed Active Arcl@enters (DAACS) for distribution [8].

» The VEGETATION program is the result of collabooatiamong various European partners
(Belgium, France, Italy, Sweden and the Europeami@igsion) and is conducted under the
supervision of the French National Center for Sitoelies (CNES). This program consists of two
observation instruments in orbit, VEGETATION 1 ailBGETATION 2, and ground facilities.
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The VEGETATION 1 instrument, launched on 24 Mar@9§, is aboard the SPOT 4 satellite.
VEGETATION 2 is aboard the SPOT 5 satellite, whigds launched on 4 May 2002 [9]. The aim
of the VEGETATION instruments is to provide dailyolgal images for the observation of

long-term regional and global environmental charajes spatial resolution of 1,165 m x 1,165 m
using the following four spectral bands: 0.43-Quéi (blue), 0.61-0.68 pum (red), 0.79-0.89 um
(near infrared (NIR)) and 1.58-1.75 um (middleanéd (MIR)). The VEGETATION images are

processed, archived and distributed by the Flerdmstitute for Technological Research (VITO)

and are available at no cost on its website [10].

» The LTDR program is funded as part of the NASA E&cience Research, Education, and
Applications Solutions Network (REASoN). The goéltlus program is to produce a consistent
long-term dataset at a spatial resolution of 0.06Mm the Advanced Very High Resolution
Radiometer (AVHRR) and the MODIS instruments foe us global change and climate studies.
For the period 1981-1999, the LTDR was based oraAded Very High Resolution Radiometer
(AVHRR)-Global Area Coverage (GAC) data. The LTDRRrh AVHRR records contains land
surface reflectance from AVHRR bands 1 (Q6) and 2 (0.8um); Top of Atmosphere (TOA)
Brightness Temperature bands from AVHRR bands 3 (&), 4 (10.8um) and 5 (12um);
Solar Zenith, View Zenith and Relative Azimuth anglands; and a Quality Assessment Field
band, which includes improved atmospheric corracéind inter-calibration between sensors [11—
13]. The continuation data records of the LTDResefor the years 2000 and later were created
by processing the daily data acquired by MODIS amddNASA’s Terra and Aqua satellites.
These data contain land surface reflectance fronDMbands 1 (0.64pm), 2 (0.858um) and
7 (2.13um); Brightness Temperature bands from MODIS barddd 3.03um) and 32 (12.02m);
and Normalized Difference Vegetation Index (NDVRdaguality flag bands. The LTDR series
was created by applying a Bidirectional ReflectaDegribution Function (BRDF) correction to
the spectral subset of bands in the MODIS SurfaeiéeBtance Climate Modeling Grid (CMG)
level 3 product [14].

Fire is an important disturbance regime in forestd is the primary process that organizes the
physical and biological functions of the borealrhe [15,16]. Due to the slow vegetation recovery
process, an increase in boreal forest burning ehstantially modify the carbon balance [17].

Burned area mapping provides information on firassaality, frequency of occurrence, location
and quantification of the burned area, which isee8al for developing environmental management
policies. However, recent published studies on BAdpcts derived from the daily coarse spatial
resolution imagery [18-23] on a continental/globedle do not provide a quantitative comparison that
spans the 2001-2011 decade at the final produsit Besides, as far as we know, there has not &ieen
burned area products developed using the LTDR elag@®erated from MODIS imagery. The BA-LTDR
product (from AVHRR imagery) was only compared watther burned area products before the year
2000. Therefore, the goals of the present studyheréollowing:

(1) To generate a burned area time series for tmthMmerican boreal region (2001-2011) from
the Terra-MODIS LTDR dataset Version 3 that extetiws previous time series (1981-1999)
from the NOAA-AVHRR LTDR dataset Version 3 usingtbiame methodology [19].
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(2) To evaluate thaccuracy ofthe 2001-2011 time seriesing reference data from the Alas
Fire Service (AFS) and the Canadian Forest SeiNat®onal Fire Database (CFSNF.

(3) To compare BA-TDR product withthe Collection 5.1 MODIS Burned Area (MCD45A
product [24-26],MODIS Collection 5.1 Direct Broaast Monthly Burned Area Prod
(MCDG64A1) [27] andthe Burned Area GEOLAN-2 (BA GEOLAND-2) product derived from
VEGETATION, which was an improvement of the Global Burned A{@&8A2000) produc
and the burned area product developed by the diuwnsonf three academies under |
supervision of the Joint Research Centre of theg@an Commission (L3JR [18].

2. Study Region

The study areaelected for thianalysis is shown in Figure 1. This sitas selected because it v
the original location of the BA-TDR develojment, andthere is a dataset of independent refer
information for this region that allo\ for the validation of the BA prodis against field survey
data. These reference data are provided by th&k#@Rise Service (AFS[28] and the CanadiaForest
ServiceNational Fire Database (CFSNF[29], which collect forest fire data from various souc
including fire locations and perimete

Figure 1. The North American boreal fort study region (70°N, —-168&; 45°N, —-50°E),
where boreal forest is represented by green color thttteaother land covers by brown co

450

7

The boreal forest exists as a nearly continuous bettooiferous trees across North America
Eurasia. This biome&overs approximately 12 million square kilometewso-thirds in Russia and
Scandinavia and the remainder in Canada and AleThe North American boreal forest reg
stretches from coast to coast across Canada andledka.This regionrepresentapproximately 36%
of Earth’s boreal fores€Canada contains %, and the remaining 11% located in Alask{30].

Frost resistant conifespecies dominate boreal forests, typically spruce, pine, le and fir. The
spruces are the most widespreand characteristiof boreal forests. The soil in these region:
typically poor becauseonifer needles acidify the s and thishas accumulated annual increment:
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carbon for millennia [4]. Hence, the biodiversitlytbe boreal forest is quite low, although there ar
more species in the North American boreal foresintim other regions of the boreal belt [31].
This region has a continental climate that is markg considerable variations in temperature.
Summers are short and warm, with a monthly meapé¢eature above 10 °C during at least one of the
four months and a maximum value of approximately°@5 Over the long winters, however, the
temperatures vary from —20 to —40 °C for at leastreonths [30].

Forests are constantly exposed to and modifieddtyral disturbances, such as fire, insects and
diseases. Natural disturbances are an essentiabpéne forest renewal process. Wildfires play a
critical role in maintaining the ecological integrof boreal forests because they are part of #teral
evolution of the forest. Fire not only stimulatdg tregeneration of many plant species but also
recycles phosphorus and removes accumulated orgeatter [32].

However, in the last few decades, fires have becomoee severe and the burned area across the
boreal forest has increased because of a warnmeateli[5,33,34]. For example, in 2010, 7,319 forest
fires were reported across Canada, which is apprately equal to the 10-year average (2000—-2009).
Although the number of fires was the same, the argaed was much higher in 2010, with three
million hectares burned. This increase in the extérorest fires in boreal regions is producingast
increase in C@ Nevertheless, the impact of the boreal foressfion climate change is not clear, and
some authors suggest that it may not acceleratgatdi warning [35] or perhaps it could cool the
high-latitude atmosphere [34].

According to the AFS and the CFSNFD, the burned arghe North American boreal forest varies
substantially from year to year [36]. For the |Hste decades, years with high fire activity, sash
1989, 1994, 1995, 1998, 2002, 2004, 2005 and 2@bistered up to four million ha of burned area in
a single year, whereas other years, such as 1985, 1987, 1997, 2000 and 2001, registered as low
as 1.20 million ha.

During the summer season, the months of June dpdhduve the greatest fire incidence, accounting
for two-thirds of the total burned area. Fires tgedhan 200 ha represent approximately 5% of the
total number of fires and account for more than 38%he total area burned. The number and area of
local fires per year greatly depends on latitude distance from the ocean [37]. In Alaska, the fire
frequency is highest for the closed-canopy boreeddts, followed by spruce-lichen woodland and
finally tundra. This trend is similar in Canada,igfhshows a latitudinal decrease in fire frequency
from South to North, following the progression frartosed-canopy boreal forest to tundra, with
spruce-lichen woodland as a transitional zone. Atlsis latitudinal zoning follows latitudinal cline
variability [38].

The primary driver of fire activity in the borealdrests of North America is the climate [39], but
other factors, such as topography, vegetation and Use, also have a vital influence on spatiah bur
patterns [40]. In interior boreal regions, whengéafires are most frequent, the influence of vateh
on fire size appears to be linked with flammabiftyt]. Topography also controls fire severity. Agt
topography becomes more complex, the heterogeatfiye severity increases, and the influence of
vegetation decreases [42]. The natural burn/regépearcycle is less over 75, reaching 100 years,
depending on the species. For example, Spruce eegjean under pine on poor soil is about 90 years
after burning [43].
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3. Materials and Methods
3.1. Burned Area Products

Table 1 shows the primary characteristics of the A products analyzed in this study: MCD45A1,
MCDG64A1, BA GEOLAND-2 and BA-LTDR. Annual maps ftre four evaluated remote sensing BA
products and for the reference data were builieit respective native spatial resolutions forghely
region for the period 2001-2011 and were re-prefed¢b a Lambert Conformal Conic projection to
minimize distortions and maintain equivalent squateapes [21]. In the subsections below,
we summarize the algorithm used in each productl@@rocess used to build the annual maps.

Table 1. Moderate Resolution Imaging Spectroradiometer (N&burned area product
(MCD45A1), MODIS Collection 5.1 Direct Broadcast ktbly Burned Area Product
(MCD64A1), burned area GEOLAND-2 product (BA GEOLBMNR) derived from
VEGETATION sensor on board of SPOT satellites, Bnched area product from Long
Term Data Record (LTDR) derived from the AdvancedyvHigh Resolution Radiometer
(AVHRR) on board of National Oceanic and AtmospbeAdministration (NOAA)
satellites and the MODIS sensor on board of Taatellge (BA-LTDR).

BA Product MCDA45A1 MCD64A1 BA GEOLAND-2 BA-LTDR
Coverage Global Global North America
Sensor Terra-MODIS and Aqua-MODIS SPOT-VEGETATION OAA-AVHRR/Terra-MODIS
Time span 2000-present 2001-present 1984-1998/2001-
Spatial resolution 500 m 1km 0.05° (~5 km)
Temporal resolution Daily 10 days 10 days
Algorithm [25] [18] [19] and this study

3.1.1. MCD45A1

The MCD45A1 product is distributed monthly and &rtpof the MODIS 5 collection [25]. This
product uses daily data from both the Terra andaAgjatforms and is generated from a time series of
daily land surface reflectance data. The BA alpamitis a bi-directional reflectance model-based
change detection algorithm. The change methodpBeapto geo-located pixels over a long time series
of reflectance observations. The algorithm begipgpteprocessing the seven MODIS land surface
reflectance bands, which are corrected for atmagpkéects. This step provides a maximum of one
observation per pixel per day, although cloud, siaod water pixels may remain. The analysis of the
MODIS reflectance bands shows burned/unburned idiswtion. A daily reflectance is predicted
based on the reflectance sensed for the previoudslal/§. This information is used to model a
bidirectional reflectance distribution function (BR) that allows for the management of the angular
variations of reflectance. This model is used tedpmt changes in the reflectance by estimating
subsequent observations in time. Next, a statistieasure (Z-score) is computed from MODIS bands 2
and 5 for each geo-located pixel to determine wdrethe difference between the observed and
predicted reflectance indicates that the pixellhasied. This decision is based on a threshold €Xthr
Finally, the algorithm reduces commission errorsélecting from candidate pixels those that provide
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persistent evidence of fire occurrence. A detadedcription of the algorithm applied to obtain the
MODIS BA products can be found in the Retyal.2005 [44].

The monthly GeoTIFF subsets for the study perida0{22011) that contain the burn date and the
guality assessment pixel, with a 500 m x 500 migjpasolution in a Lat-Long projection derivedrio
MCDA45A1 for the regions of Alaska and Canada, wkrenloaded from the MODIS website [45] and
used to generate monthly BA maps. We consideredf @lie confidence levels (1-4) of the detection.
These monthly maps were re-projected to a Lambenfdmal Conic projection with a pixel size of
500 m x 500 m and combined to generate the annaas of burned/non-burned pixels.

3.1.2. MCD64A1

MODIS Collection 5.1 Direct Broadcast Monthly BudhéArea Product (MCD64A1) is an
alternative burned area product based on an autdma¢thod using 500 m MODIS imagery and 1 km
MODIS active fire observations [27]. The algorittapplies a hybrid approach in several steps for
mapping post-fire burned areas. First, it buildsetiseries of valid daily band 1 (0.620-0.670 um),
5(1.230-1.250 pm) and 7 (2.105-2.155 um) refleetsarfior each pixel. Then, a daily burn-sensitive
vegetation index is computed (VI = (B5 — B7)/(BB¥)), so that the abrupt decrease in VI is used as
the most important signal to detect burned arehs. algorithm analyzes daily VI data time series in
two time spans (10 days before and 10 days afteQrder to calculate descriptive statistics, and t
define a measure of temporal separability, yieldioghposites images of these parameters. A mask
with active fires is applied to filter pixels prawng a mechanism to select a training set of
burned/unburned pixels. Next, the algorithm computnditional probabilities densities for each land
cover class existing in the MODIS tile, and theltaiates the posterior burned probability. The hesu
of this step is an initial classification (burneaburned) for each valid 500 m pixel. Finally, the
algorithm uses neighbor conditions to refine thgahclassification, analyzing the burned/non kean
state of the eight adjacent neighbors.

The MCD64A1 monthly subset were downloaded fronj &l used to generate monthly BA maps
for (2001-2011) for the study area. This producttams five layers in a sinusoidal projection: the
burn date, the burn date uncertainty, the quakgueance, and first day and last day. The monthly
maps were re-projected to a Lambert Conformal Cprogection with a pixel size of 500 m x 500 m
and combined to generate the annual maps of buroedyurned pixels.

3.1.3. BA GEOLAND-2 Version V1

There are two versions of the BA product from tiR©OF-VEGETATION dataset. The first version,
“V0”, is an implementation of the L3JRC BA algomth[18] for the region of continental Africa and
was developed under the Global Burned Area (GBAO2froject [47].

The “V1” version (implemented in the GEOLAND-2 pea) was modified with aggregation into a
ten-day product with near-real-time dissemination dpplication on the global scale. This version
enhances previous products by including data autkiel primary fire season, shortening the prepsougs
steps, improving the land-water mask and providaaglitional years than those available for the
previous L3JRC product [48].
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In the “V1” version, reflectance data are preprgeesby applying a cloud and snow mask based on
a threshold at 0.45 um and 1.66 um wavelengthpectisely, and a fire smoke mask at 0.45 um.
Masks are combined to create a masked pixel prdtattis computed on a daily basis. The primary
processing algorithm makes use of a temporal inleélat allows for the classification of burneddan
unburned surfaces [18]. A pixel is classified asrtied” if the pixel value in the 112 x 112 pixetayr
window, |, is lower than three mean values minue standard deviations. Two further checks are
made on reflectance values in the 088 layer, where the pixel reflectance must be lémm t
0.13 um, and the 1.66 pum layers, where the pifiglatance value must be greater than 0,125

After a 10-day period, a seasonal metric calcutateocomputed using four available successive
10-day periods of processed BA data. This methdalval the moving average to be calculated.
Furthermore, two consecutive moving average vatuest be available. Because of this requirement,
significant gaps were observed in the product [49].

The 10-day BA maps derived from BA GEOLAND-2 versit¥1” for the North American continent
were obtained using the free Vegetation extracsoftware tool (VGTExtract) by VITO [50].
Subsequently, these 10-day maps were re-projeoted Llambert Conformal Conic projection with
pixel size 1,000 m x 1,000 m and combined to gdad¢he annual maps of burned/non-burned pixels.

3.1.4. Generating the BA-LTDR Product from TerraOR

LTDR Version 3 data was composited into 10-day mmaxn brightness temperature (MODIS
band 31; 11.03um) images [19]. These images were generated foR@0€—-2012 study period over
the entire study area. The BA-LTDR algorithm idees pixels with high brightness temperature and
low infrared values. Then, it calculates the degfezes between spectral variables within pre-fig an
post-fire 10-day composite periods of potentiad filates. The Burned Boreal Forest Index (BBFI) was
computed considering the MODIS Brightness Tempegaland §; (11.03um) instead of the band
T2 (Which is the equivalent to the AVHRR Brightnessniperature band T3 (3.7f6n)) because the
band To is unavailable in the published LTDR dataset \@rs3 from MODIS. To detect the energy
released by active fires, smoke, charcoal anddo&s, middle infrared sensing is the most likely
approach. The mid infrared window (at temperati}@-3,000 K) has maximum spectral response for
temperatures in this range. Nevertheless, the thernirared (TIR) (8-12um) band transmits
energy for fires below 500 K [51]. In order to avaie if either band could be included to compuée th
BBFI and as LTDR dataset contains T3 and T4 bamdsr® the MODIS era, the timing of the fire
events for the year 1998 was computed. A mean deésyobserved for the BBFI based on the T4
bandvs.T3 of 1.6 10-day composites with a standard dmnatf 1.5, which has hardly any impact on
the algorithm.

A set of statistical variables was computed for M@DIS band 1p; (0.645um) and band 2,
(0.858 um), the brightness temperature from band 31 (T1.03um), the modified BBFI and the
Global Environmental Monitoring Index (GEMI) speddtindices within each pixel for each 10-day
composite of daily images for the fire event yégr the year before (Y — 1) and the year after (Y)+

The BA-LTDR algorithm searched the ten-day composihgle date (T[x]) for the maximum BBFI
value. From that single date, the five pre-firedey- composites (T[x — 5, x — 1]) and the five pisi-
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(T[x + 1,x + 5]) composites were also specifieccédculate certain statistics for those variablesiua
the Bayesian network with the goal of computinglibhen probability of a given pixel.

The pre-fire and post-fire statistics were computadseveral indices, but the GEMI median was
the best detector of differences between the twmge The following thresholds for these variables
were applied to avoid false detections: low valieegthe maximum BBFI value in (Y — 1), high values
for the maximum of band 3137and the BBFI value in (Y) and (Y + 1), low minimy values from
the post-fire period in (Y) and a small differenceminimum p2 values from the post-fire period
between (Y) and (Y — 1). The algorithm thresholdested the candidate pixels to be evaluated. The
Bayesian network classifier based on the traingtgwithin the WEKA machine learning package [52],
calculated the individual conditional probabilityeach selected pixel to belong to the burned and n
burned classes [53]. Following Bayes’ theorem [S#ig joint probability for a given class was
computed as a product of individual conditional lqaoilities. The resulting probability value was
computed by subtracting the normalized probabifdy the unburned class from the normalized
probability for the burned class, where higher fwsivalues indicate a higher probability to be
classified as a burned pixel.

Finally, neighborhood conditions were applied fapatial coherence to minimize commission and
omission errors; isolated burned pixels were doadegd to the unburned class, and pixels with a low
burned probability but surrounded by burned neighlweere upgraded to the burned class.

The 10-day probability maps with a 0.05° spatiatofation in a Lat-Long projection were
generated by the Bayesian network algorithm from Eraily Global LTDR dataset [14]. For these
probability maps, a pixel was labeled as “burnediew its probability value was greater than O.
The resulting 10-day burn scar maps were re-pregetd a Lambert Conformal Conic projection with
a pixel size of 5 km x 5 km and combined to gemetla¢ annual maps of burned/non-burned pixels.

3.2. Accuracy Assessment

Burned area recorded by the Alaska Fire ServiceSjABnd the Canadian Forest Service
National Fire Database (CFSNFD) were used as grawmib. These databases represent the most
complete information source of burned area in Ndherica since the 1950s, and they have been
often used as reference data to assess the acairdifferent burned area remote sensing produrcts i
this region [19-23].

The reference data were downloaded from the AFSsieef28] and the CFSNFD website [29].
The polygons of all of the fires registered in @ESNFD and AFS databases that occurred from 2001
to 2011 were used to produce the annual vectordayeground truth. Next, these vector layers were
re-projected to a Lambert Conformal Conic projectidth a pixel size of 500 m x 500 m to generate
annual ground truth maps. In order to determine tienpixel is assigned a burned/non burned value,
the method of the maximum area within the pixel wsed.

All of the annual maps (BA products and refereneeye clipped to the defined area (70°N,
-168.5°E, 45°N, 50°E) and masked with political bdaries for both the Canadian and Alaskan
regions to precisely delimit the study region. Thaps were re-sized to a Lambert Conformal Conic
projection with a pixel size of 5 km x 5 km by pixaggregation (an aggregated pixel represents the
percentage of BA at the sub-pixel level) to comgheespatial and temporal accuracy.
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The temporal accuracy of each product has beesssseonsidering the total annual burned area
calculated in the process. Then, a timing distrdsutvas represented on a chart.

The next step was the computation of the burned preportions of each product map. the
reference map on a grid of cells to assess thaabkpeaturacy. The cells of 40 km x 40 km were umnifily
distributed over the entire study region. A simgdgression analysis of these proportions was chrrie
out [55]. Then, the error matrix i(P[56] and its derived indices of interest (comnuasand omission
errors) [57] were computed considering a 40 kmIpkee [20] to prevent geo-reference-derived errors
The elements of the error matrix;{f a map of N pixels are calculated by the foilogvequation:

_ Zk=1(Pik

===

where ()« represents the percentage of pixel k classificoedsnging to class;®ut really belonging

to class ¢ In general, each pixel k will contain classifieercentages of every classi(@x, ..., Gk
and reference percentages of every clagsrfk, ..., Ick). Moreover, the calculation of the elements of
the error matrix of every pixel would imply solvirggsystem of linear equations with more unknown
guantities than equations (multiple solutions). @agonable supposition to make such a system
compatible (one single solution), would consistomparing, for every class; @ithin each pixel k,
the percentages classifiedc]cand the reference percentageg @nd assign the least value as the
percentage of the class correctly classifiedk({p8]. The absolute value of the difference isritistted
either in the percentages of classassified incorrectly (Q«, or in the percentages of the other
classes classified as class(i)«. For the case of a dichotomized classificationisabe case of the
evaluation of burned surface in this study, whark ¢two classes of interest are involved, “burned”
(Cy) and “non-burned” (&), the system of equations above is resolved feryepixel k by means of a
simple algorithm [59]:

IF (Cik > r1k)

THEN (pll)k = Ik
(P12)k = Cik — Mk
(P20)x =0
(P22)k = Cak
ELSE (R = Ck
(P12 =0
(P21)k = 'k — Cik
(P22)k = I«
END_IF

Next, the Pareto boundaries were computed accotdif@f], in order to estimate if the accuracy of
each burned area product could be limited by theatial resolution. The original reference maps of
burned areas (500 m spatial resolution) were rddize km and 5 km of spatial resolution with pixel
aggregate resampling. Each pixel of one of thesiged maps contains a percentage p of burned area
(p: [0.00-1.00]). Then, for each resized map, @bt different dichotomic maps were built considgr
a pixel as burned in map i wherpg/N (i = 1, ..., N) and as non-burned otherwise. &nor matrix
was obtained for each dichotomic map and the cosiamfmission errors were computed. The set of
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the calculated commission/omission errors defined Pareto boundary of the resized map
(it represents the minimum omission and commissioors that could be attained at that resolution).
Pareto boundaries with 1 km and 5 km of resoluti@ne computed for each year and for the entire
period (2001-2011), and were used to assess tf@rpance of the respective burned area products
with the same spatial resolution. The Pareto boynae500 m is represented by the Cartesian axes.

Finally, we analyzed the capabilities of each BAduct to detect large burned areas. All of the
burned areas greater than 100,000 ha were idehfiften the reference data. A set of sub-scenes
(200 km x 200 km) that included at their center goe several) of these large burned areas was
created for all of the products and reference diite. total amount of BA was computed for each
sub-scene. The detection of a minimum of 10% ohédipixels inside a sub-scene, with respect to the
reference data, was the considered criterion tatiiyethe presence of a large BA.

4. Results
4.1. Annual Burned Area Distribution in the Period 26@011

The total BA computed in the 2001-2011 period witle reference data was approximately
28.56 million ha, with the year 2004 exhibiting thighest fire activity (5.62 million ha) and 2001et
lowest, with only 0.62 million ha burned. Along Withe reference data, Figure 2 shows the annual
distribution of the total BA in North America fro2001 to 2011 for the products analyzed: MCD45A1,
MCDG64A1, BA GEOLAND-2 and BA-LTDR. The total BA estate over the entire study period for
each of these analyzed products was 12.41, 19.88.43 and 19.41 million ha, respectively.
The MCD45A1, MCD64A1 and BA-LTDR products undergsiied the total BA, whereas the BA
GEOLAND-2 product significantly overestimated ithd determination coefficient between the annual
burned area estimates for each product in relaiothe reference data in the period considered
was 0.90, 0.99, -0.08 and 0.97, respectively.

Figure 2. Annual distribution of the burned area estimatélign ha) in the study region
for the analyzed products and the reference data.
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4.2. Evaluating the Spatial Accuracy of the Burned AlPeaducts

For each product, Table 2 and Figure 3 show thdteesf the accuracy of the BA estimate obtained
from the scatter plots of the different produegssusthe reference data using 40 km x 40 km grids.
The average determination coefficienfRver the 2001-2011 period for the MCD45A1, MCD@4A
BA GEOLAND-2 and BA-LTDR products was 0.67, 0.840® and 0.75, respectively, with a slope
of 0.42, 0.76, 0.22 and 0.69, respectively. FormM@D45A1 product (excluding the year 2001), the
value of R was between 0.56 (2002) and 0.76 (2011) and thgeslas between 0.34 (2005) and
0.54 (2006). For the MCD64A1 product (excluding ear 2001), the value of’Rvas between
0.73 (2007) and 0.91 (2004, 2009) and the slopebstgeen 0.57 (2007) and 0.84 (2009). For the BA
GEOLAND-2 product, R was less than 0.20 in all the years and, therefibre slope was not
significant. For the BA-LTDR product,Rvas in the range of 0.33 (2006) to 0.86 (2004,02@D11)
and the slope was in the range of 0.31 (2006)392 (2010).

Table 3 shows the commission and omission errornsetke from the error matrix for each year.
The average commission errors for the MCD45A1, M@RB BA GEOLAND-2 and BA-LTDR
products were 0.19, 0.11, 0.94 and 0.18, respdgtinvhereas the omission errors were 0.65, 0.39,
0.70 and 0.44, respectively. For the MCD45A1 prodescluding the year 2001), the commission
error range was between 0.07 (2011) and 0.38 (2&i@)he omission error range was between 0.57
(2003) and 0.74 (2009). For the MCD64A1 productleding the year 2001), the commission error
range was between 0.06 (2004) and 0.25 (2006)rendrission error range was between 0.28 (2004)
and 0.50 (2007). For the BA GEOLAND-2 product,alithe commission errors were above 0.86 and
the omission errors ranged from 0.53 (2001) to 0(Z811). For the BA-LTDR product, the
commission errors were in the range of 0.08 (2@04).44 (2001) and the omission errors were in the
range of 0.32 (2010) to 0.64 (2006).

Table 2. Burned area estimate accuracy by year (slopear intercept) for the North
American boreal region for the Moderate Resolutroaging Spectroradiometer (MODIS)
burned area product (MCD45A1), MODIS Collection bitect Broadcast Monthly Burned
Area Product (MCD64A1), burned area GEOLAND-2 pratd(BA GEOLAND-2), and
burned area product from Long Term Data Record (BBR).

MCD45A1 MCD64A1 BA GEOLAND-2 BA-LTDR

Slope R Inter.  Slope R Inter.  Slope F Inter.  Slope R Inter.
2001 0.02 0.04 1.1E-5 0.06 0.07 1.61E-5 0.42 0.01L6E53 0.62 0.50 5.56E-5
2002 0.37 056 2.3E-5 0.78 0.82 -6.1E-6 0.22 0.05.2E43 0.75 0.76 -4.1E-5
2003 0.48 0.70 4.0e-5 0.72 0.79 -3.2E-5 0.27 0.037E43 0.77 0.73 -4.5E-6
2004 0.40 0.75 7.5E-6 0.82 091 -83E-5 0.25 0.185E33 0.67 0.86 -4.0E-5
2005 0.34 0.68 4.3E-5 0.63 0.77 1.4E-5 0.17 0.045E-3 0.46 054 9.8E-5
2006 0.54 070 203E-5 0.84 080 29E-6 0.20 0.031E43 0.31 0.33 1.4E-4
2007 0.39 0.70 2.9E-5 0.57 0.73 -15E-5 0.33 0.11.7E3 0.56 0.66 1.9E-5
2008 0.41 0.69 1.1E-5 0.77 0.89 -49E-5 0.15 0.033EZ3 0.75 0.81 -1.8E-5
2009 037 072 -30E-5 084 091 -90E-5 0.26 0.088E-3 0.79 0.84 -59E-5
2010 0.50 0.66 1.2E-4 0.82 0.86 -1.2E-4 0.18 0.064E-3 0.92 0.86 -1.0E-4
2011 0.48 0.76 -9.3E-5 074 086 -1.0e-4 0.18 0.12.3E-3 0.79 0.86 -7.7E-5
All 042 0.67 1.3E-5 0.76 0.84 -55E-5 0.22 0.05 6E33 0.69 0.75 -5.7E-6

Year
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Figure 3. Graphical comparison of the burned area estinwteracy by year (slope and)R
for the North American boreal region for the ModerB&esolution Imaging Spectroradiometer
(MODIS) burned area product (MCD45A1), MODIS Cotlea 5.1 Direct Broadcast
Monthly Burned Area Product (MCD64Al), burned ar&EOLAND-2 product
(BA GEOLAND-2), and burned area product from Longrii Data Record (BA-LTDR).
The center represents a value of 0.0, and theratteircle represents a value of 1.0.
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Table 3. Commission and omission errors by year for thetiNédmerican boreal region
for the Moderate Resolution Imaging Spectroradi@m¢MODIS) burned area product
(MCD45A1), MODIS Collection 5.1 Direct Broadcast ktbly Burned Area Product
(MCDG64A1), burned area GEOLAND-2 product (BA GEOLEM), and burned area
product from Long Term Data Record (BA-LTDR).

MCD45A1 MCD64A1 BA GEOLAND-2 BA-LTDR
Year Commission Omission Commission Omission Commission Omission Commission Omission
Error Error Error Error Error Error Error Error

2001 0.59 0.97 0.41 0.91 0.98 0.53 0.44 0.48
2002 0.19 0.69 0.16 0.35 0.93 0.71 0.18 0.42
2003 0.20 0.57 0.15 0.43 0.95 0.65 0.24 0.42
2004 0.09 0.63 0.06 0.28 0.86 0.68 0.08 0.40
2005 0.13 0.66 0.12 0.43 0.94 0.77 0.25 0.58
2006 0.29 0.59 0.25 0.37 0.96 0.71 0.36 0.64
2007 0.16 0.63 0.08 0.50 0.93 0.63 0.16 0.50
2008 0.10 0.61 0.07 0.37 0.94 0.74 0.13 0.38
2009 0.18 0.74 0.06 0.36 0.94 0.69 0.13 0.40
2010 0.38 0.61 0.10 0.37 0.92 0.70 0.17 0.32
2011 0.07 0.68 0.07 0.45 0.94 0.78 0.11 0.40
All 0.19 0.65 0.11 0.39 0.94 0.70 0.18 0.44

Figure 4 shows the Pareto boundaries (1 km and Sfkspatial resolution) of burned areas in the
North America region for the entire period (2001320 computed from the reference maps with
n = 10, and the commission/omission errors for dasmed area product (data from Table 3). This
figure shows than commission/omission errors of IBAIR are near from its Pareto boundary (5 km)
while commission/omission errors of GEOLAND-2 aegtlier from its Pareto boundary (1 km). The
Pareto boundary of the MODIS burned area produdiSO¥45A1 and MCDG64A1) is equal to the
Coordinate axes, and MCDG64AL1 are closer than MCO4&wAh respect of their Pareto boundary.



Remote Seng014 6 828

Figure 4. Pareto boundaries (5 km and 1 km) of burned aretiee North America region,
and commission and omission errors of the diffetmmhed area products for the period

2001-2011.
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4.3. Detection of Large Fires (>100,000 ha)

Table 4 shows the results of the study of the difie200 km x 200 km sub-scenes containing large
fires (>100,000 ha) that were recorded in the geftom 2001 to 2011 in North America. The total
BA encompassed by all of these sub-scenes was i8iénnina (approximately 30% of the total area
burned across North America in that period). Therage relative percentage of burned area estimated
for the MCD45A1, MCD64A1, BA GEOLAND-2 and BA-LTDRroducts for all of these sub-scenes
with respect to the reference data was 41.2%, 8138%8% and 69.2%, respectively.

The BA recorded was less than 10% in none of théOBUA1 sub-scenes, three of the MCD45A1
sub-scenes (2002_4, 2007_2 and 2011 2) and in fwibeoBA-LTDR sub-scenes (2006_1 2 and
2007_2). For the BA GEOLAND-2 product, this areassvaaer 20% in every case, reaching values of
166% (2007_2) and 206% (2010_6).

Table 4. Detection of large areas of the North Americanebbregion for the Moderate
Resolution Imaging Spectroradiometer (MODIS) burasgh product (MCD45A1), MODIS
Collection 5.1 Direct Broadcast Monthly Burned Afeéeoduct (MCD64A1), burned area
GEOLAND-2 product (BA GEOLAND-2), and burned aregaguct from Long Term Data
Record (BA-LTDR).

Sub Scenes Reference MCDA45A1 MCD64A1 BA BA-LTDR
) Lat/Lon (Tie Point)

Year/Fire Id. (ha) (%) (%) GEOLAND-2 (%) (%)
2002_1 57°13'51.50"N; 106°7'3.52"W 300,000 57.6 585. 20.1 101.7
2002_2 52°47'8.32"N; 77°18'42.92"W 325,000 35.0 577. 27.4 63.1
2002_3 53°47'19.49"N;76°15'50.46"W 20,250 66.5 99.9 324 92.6
2002_4 64°31'23.82"N;153°23'49.20"W 192,500 3.6 645. 43.1 53.2
2002_5 59°55'44.03"N; 112°27'31.75"W 140,000 60.4 3.67 69.5 100.0
2002_6 56°19'43.75"N; 113°59'35.82"W 237,500 22.2 0.17 48.4 76.8

2004_1 2 3 66°53'20.31"N; 141°41'46.13"W 445,000 667 102.5 27.8 78.1
2004_4 60°5'21.28"N; 121°23'55.91"W 182,500 46.8 174 39.8 71.2

2004_5 61°42'50.44"N; 114°26'19.01"W 202,500 49.6 9.77 39.7 54.3
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Table 4.Cont.
Sub Scenes Reference MCDA45A1 MCD64A1 BA BA-LTDR
) Lat/Lon (Tie Point)

Year/Fire Id. (ha) (%) (%) GEOLAND-2 (%) (%)
2004_6 64°17'22.41"N; 159°59'35.27"W 122,500 321 9.08 42.3 57.1
2004_7 65°27'44.82"N; 155°17'22.15"W 192,500 46.0 08.9 37.0 51.9
2004_8 66°9'1.44"N; 153°12'0.63"W 420,000 23.3 58.2 19.5 42.9

2004_9 10 67°6'18.77"N; 148°47'59.47"W 405,000 29.8 75.3 45.3 66.0
2004_11 65°0'27.36"N; 149°58'19.75"W 402,500 22.8 7.88 30.6 39.8
2004_12 65°26'49.59"N; 146°2'28.87"W 422,500 27.5 4.07 30.7 55.6

2004_13_14_15 63°54'45.78"N; 145°27'42.33"W 595,000 36.2 87.7 31.9 75.2

2006_1_2 58°33'17.24"N;110°59'27.19"W 442,500 70.7 113.4 47.3 8.5
2007_1 59°52'36.72"N;115°18'38.52"W 207,500 29.1 .357 41.7 60.2
2007_2 69°9'40.82"N;154°12'32.19"W 102,500 4.6 34.0 166.7 0.0
2008_1 58°17'21.93"N;106°17'42.90"W 167,500 24.0 .567 44.8 35.8
2009_1 65°59'45.82"N;146°47'13.14"W 265,000 19.2 772 40.4 77.4
2009_2 64°16'6.36"N;152°38'9.73"W 420,000 435 88.9 324 79.8
2010_1 57°33'11.69"N;109°11'36.01"W 140,000 52.4 .092 52.4 114.3

2010_2_4 5 59°9'6.42"N;108°25'41.21"W 770,000 63.9 93.4 19.2 104.5
2010_3 57°40'43.19"N;105°18'23.29"W 367,500 253 274 13.8 88.4
2010_6 64°4'47.67"N;153°38'19.93"W 90,000 26.9 60.3 206.3 47.2
2011 1 52°0'56.39"N;91°16'33.14"W 122,500 24.1 54.3 14.6 91.8
2011 2 53°38'29.98"N;92°16'6.31"W 195,000 4.3 93.2 222 93.6
2011 _3 58°36'58.87"N;113°13'14.89"W 555,000 64.6 179 30.1 75.2

Total 8,632,500 41,2 81.9 35.8 69.2

The spatial distribution of the burned pixels foe MCD45A1, MCD64A1, BA GEOLAND-2 and
BA-LTDR products (in their native resolution) foa@h of the considered sub-scenes along with the
perimeter of the reference data are shown in Figure

Figure 5. The 200 km x 200 km sub-scenes with large firestie Moderate Resolution
Imaging Spectroradiometer (MODIS) burned area ptod(MCD45A1), MODIS
Collection 5.1 Direct Broadcast Monthly Burned Afeéeoduct (MCD64A1), burned area
GEOLAND-2 product (BA GEOLAND-2), and burned argaguct from Long Term Data
Record (BA-LTDR). The red line represents the petan of all of the fires registered by
the reference data on the sub-scene.
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Figure 5. Cont

Id MCDA45A1

MCD64A1 GEOLAND-2 BA-LTDR

2010 6

2011 1

2011 2

2011_3

5. Discussion

The recently published LTDR dataset Version 3 {li@r year 2000 and later) did not incorporate the
MODIS band equivalent to the AVHRR bang (B.75um); therefore, to apply the same methodology,
it was necessary to modify the original BA algamithThe MODIS Brightness Temperature band
31 T3; (11.03um), which is equivalent to the AVHRR bang Was used instead. The results were similar
in terms of estimation and accuracy to those obthin the literature [19] for the 1984-1998 period.

We compared global BA products (MCD45A1, MCD64A1 &8A GEOLAND-2) and the BA-LTDR
product from 2001 to 2011 (when all the productsenavailable) for the North American boreal forest
region with the reference data (AFS and CSFND). f#meporal accuracy analysis showed that the
annual BA distribution for the BA-LTDR, MCD64A1 andCD45A1 products fit the reference data
(with a high correlation) but with an average estion of 68%, 69% and 43%, respectively. In
contrast, the BA GEOLAND-2 product did not fit themporal profile of the reference and greatly
overestimated the reference data (485%), as showigure 2. These results are comparable to those
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obtained by other authors in the same region. Cleéag [22] compared the L3JRC (the antecessor of
GEOLAND) and the MCD45A1 global burned area produdodm 2000 to 2007 and showed similar
results in the North American region in which L3JR@erestimated and MCD45A1 underestimated
the burned area with respect to the reference dhidez-Casillaset al. [20] made a comparative
analysis of different BA products in the Canadiaredal forest in the year 2000 that showed an
underestimation of the large burned areas in thdOWBA1 and BA-LTDR products but with a good
fit for timing distribution and a slight overestitian of the GBA-2000 product (the antecessor of
L3JRC). Giglioet al. 2010 [23] made a global comparison of differentnied area products in the
period 2001-2006; they showed that L3JRC signitigamverestimates burned area in North America
and the annual totals are uncorrelated with thereetce data, while MCD45A1 underestimates burned
area in this region but annual totals are highlyadated with the reference data.

An analysis of the positional accuracy of the eations shows that the results of the BA-LTDR,
MCDG64A1 and MCD45A1 products are comparable in teohdetermination coefficient of a linear
regression model of the burned area percentagbe reference data and in terms of the commission
errors. However, the BA-LTDR and MCD64A1 produdewed a significant improvement over the
MCDA45A1 product alone regarding the omission errdhe analysis of the BA GEOLAND-2 product
exhibited very low values for the determination flioeent and very high values for the commission
errors. In the validation report of the BA GEOLANDproduct [61], the authors obtained the same
significance, for both commission and omission mréor other climatic regions.

The analysis of the Pareto boundaries (Figure dshthat the most important contribution to
commission and omission errors for the product BFOR is due to the low resolution bias, although
a slight improvement in the algorithm is still pids. For the other products with higher spatial
resolution, the main contribution to both errorglige to the performance of the algorithms, which is
really poor in GEOLAND-2.

The MCD45A1 and MCD64A1 products produced highlgacurate results in the year 2001. The
inaccuracy was due to the lack of input data abkglduring the month of June because during anad8-d
period (15 June to 2 July), the Terra MODIS semsdmot produce data; this failure occurred proor t
the launch of the Aqua satellite. Therefore, thiadeom the MCD45A1 and MCDG64A1 products for
June 2001 and for May and July (at the end andchbagj of these months, respectively) are unavailabl

The year 2006 presented the most erroneous reffotttsved by the year 2005) in terms of both
accuracy and precision for the BA-LTDR product,gitesbeing one of the best years for the MCD45A1
and MCD64A1 products. We investigated this occureeto determine the possible causes. We
analyzed the radiometric behavior of the differemtiables of the model and found that a major cause
of the omission errors stemmed from the highertliafithe maximum BBFI threshold in the year
before the fire event. This threshold is usedroticommission errors by avoiding the re-detectibn
pixels that were burned in previous years. This im@bservable in sub-scene 2006_1 2 (Figure 5).
The BA-LTDR product does not detect even a singtelpnside the fire polygons in that scene.

Because the BBFI variable is computed by/10.858um) + Tz; (11.03um)/2), it is necessary to
determine the factors that influence this behavor.analysis of the pixels inside the fire perimgtef
sub-scene 2006 _1 2 that were not identified asndairreveals that although the time evolution & th
reflectance channels along the fire event yeaorigect, those for the thermal channels are incoridwe
time evolution does not fit the behavior of a burpéxel because the values of both thermal channels
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the year preceding the fire event were substaptidjher than normal and were even higher thanethos
values for the fire event year, thereby preventimgge potential burned pixels from being considéned
the Bayesian network. We calculated the differebetveen the mean values of the maximugn T
variable in the fire event year and the precediagryfor a selected region of interest in sub-scene
2006 _1 2 that included the fire polygons, obtainengyalue of approximately -2 K. Upon further
analysis, we observed that the maximum temperat@® calculated in the 15th composite in the
preceding year, and there was no continuity inbiere-and-after composites for that year, indnati
that it was not an existing BA but, rather, anieuth the thermal channels of the LTDR dataset.

In sub-scene 2007_2, the BA-LTDR product did ndedea single pixel within the fire polygon of
the scene. A similar result was noted in the MCD#®#oduct (in this case, due to adverse atmospheric
conditions at high latitudes). The BA GEOLAND-2 duxt was better able to detect that fire, although
with a significant number of false pixels burned.

For the remaining sub-scenes, the best performamtesponded to the MCD64A1 and BA-LTDR
products in both the estimated accuracy and spptetision. The highest overestimation of the
BA-LTDR product (with respect to the reference) abéd a value of 114.3% for scene 2010_1,
whereas for the remainder of the cases, the egtimas lower or approximately 100%. The average
estimate for the set of sub-scenes for the MCD4SWMCD64A1, BA GEOLAND-2 and BA-LTDR
products was 41%, 82%, 36% and 69%, respectivedyveiter, in the case of the BA GEOLAND-2
product, a high percentage of the BA in the sulmssevas due to the commission errors (Figure 5).

6. Conclusions

A BA-LTDR time series (2001-2011) for North Amerittam the Terra-MODIS LTDR dataset was
built successfully as a continuation of the presitime series, NOAA-AVHRR BA-LTDR (1984-1998),
using the same methodology. The combination oLTH2R Version 3 dataset from Terra-MODIS and the
modified Bayesian network algorithm, which used M@DIS Brightness Temperature from band 31 T
(11.03um), obtained better BA results than those from M&BY and BA GEOLAND-2 in terms of
spatial and temporal accuracy. However, the MCD6gétuct obtained the BA overall best results.

The BA GEOLAND-2 product overestimated the BA bypagximately a factor of five with a
coefficient of determination @ from the regression model of the scatter plotaesirly zero in every
year, whereas the BA-LTDR, MCD64A1 and MCD45A1 pros underestimated the burned area
by 32%, 31% and 57% with’Ralues of 0.75, 0.84 and 0.67, respectively.

In the balance between spatial accuracy and apjgligato different years in the North American
boreal forest region, the BA-LTDR could be conseiklas an alternative to the other global BA
products, even those with a higher spatial/specasblution, such as MCD64A1 and MCD45A1,
which exhibited certain deficiencies, particulailythe year 2001. Moreover, the BA-LTDR product
has the advantage of providing existing data frd®81] making it the longest continuous BA time
series from a remote sensing data record.
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