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Abstract: This paper presents the first global burned area (BA) product derived from the land long
term data record (LTDR), a long-term 0.05-degree resolution dataset generated from advanced very
high resolution radiometer (AVHRR) images. Daily images were combined in monthly composites
using the maximum temperature criterion to enhance the burned signal and eliminate clouds and
artifacts. A synthetic BA index was created to improve the detection of the BA signal. This index
included red and near infrared reflectance, surface temperature, two spectral indices, and their
temporal differences. Monthly models were generated using the random forest classifier, using the
twelve monthly composites of each year as the predictors. Training data were obtained from the
NASA MCD64A1 collection 6 product (500 m spatial resolution) for eight years of the overlapping
period (2001-2017). This included some years with low and high fire occurrence. Results were tested
with the remaining eight years. Pixels classified as burned were converted to burned proportions
using the MCD64A1 product. The final product (named FireCCILT10) estimated BA in 0.05-degree
cells for the 1982 to 2017 period (excluding 1994, due to input data gaps). This product is the longest
global BA currently available, extending almost 20 years back from the existing NASA and ESA
BA products. BA estimations from the FireCCILT10 product were compared with those from the
MCD64A1 product for continental regions, obtaining high correlation values (12 > 0.9), with better
agreement in tropical regions rather than boreal regions. The annual average of BA of the time series
was 3.12 Mkm?. Tropical Africa had the highest proportion of burnings, accounting for 74.37% of
global BA. Spatial trends were found to be similar to existing global BA products, but temporal trends
showed unstable annual variations, most likely linked to the changes in the AVHRR sensor and
orbital decays of the NOAA satellites.

Keywords: remote sensing; burned area; AVHRR-LTDR; multitemporal; Random Forest;
algorithm; FireCCILT10

1. Introduction

The Global Climate Observing System (GCOS) program and the Intergovernmental Panel on
Climate Change (IPCC) assessment report [1] consider fire occurrence as one of the essential climate
variables (ECV) because of its great impact on atmospheric emissions and vegetation dynamics [2-6].
Climate modelers need information about the burned area (BA) to improve their knowledge on its role
on climate dynamics. For this reason, most of the existing climate models include a fire module [7].

Historical data on fires have been obtained through national fire statistics or from field studies [8,9].
These data have been used to generate global estimates of fire occurrence using different interpolation
techniques [8]. In the early 2000s, the first estimations of global BA derived from satellite earth
observation were produced [10]. Those products were derived from the SPOT-VEGETATION sensor at
a 1 km resolution, first for the year 2000 [11] and then extended using similar BA algorithms for the
period 2000-2007 [12]. More recently, similar approaches have been used to generate BA products
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from the Proba-V sensor, with 333 m resolution [13]. NASA began generating BA products from
images acquired by the MODIS sensor in the early 2000s. Two products were released from this sensor,
MCD45A1 [14] and MCD64A1 [15], both at a 500 m spatial resolution. The latter product was also
the basis of the Global Fire Emission Database (GFED, now at v4, [16]). From the highest resolution
bands of MODIS (at 250 m), a recent BA product has been released from the European Space Agency’s
Fire_cci project [17].

All of these global products have a relatively short time series (2001 to the present), with the
exception of the GFED, which extends to 1995, but contains higher uncertainties for the pre-MODIS
era (<2000). This short period limits the relevance of these datasets for analyzing the relationships
between climate and fire activity. For this reason, the use of advanced very high resolution radiometer
(AVHRR) images is very appealing, as this sensor provides much longer temporal coverage than
MODIS or SPOT-VEGETATION, spanning from 1979 to the present. Unfortunately, the AVHRR sensor
has lower radiometric and geometric quality, with a 1.1 km spatial resolution at the nadir. In addition,
the global archive of the full resolution AVHRR data only began in the early 1990s, so images acquired
in the 1980s are only available at a degraded resolution (4 km or lower). Therefore, deriving global
and accurate BA information from these data is very challenging. The AVHRR time series has been
used in different regional studies to derive the BA time series, either at the full resolution of this
sensor for particular regions [18-20] or using coarser resolution versions (8 km) with examples in
Africa [21], Canada [22], Russia [23], and global coverage for the 1981-2000 period [24]. These studies
have provided moderately accurate values when compared to other BA products due to the spatial
and radiometric limitations of AVHRR sensors.

Despite these limitations, obtaining long BA time series from AVHRR images would be very
beneficial for climate modelers as it would provide a significant temporal extension to the current BA
products. This was the main motivation to conduct the present research, which was developed within
the ESA Climate Change Initiative (CCI) program’s Fire_cci project [25]. Considering the existing
AVHRR time series products, we selected the land long term data record (LTDR), which covers 1981-to
the present at a 0.05 degree resolution (=5 km) including acquisitions from seven different NOAA
satellites [26]. LTDR is the highest spatial resolution dataset of AVHRR images that globally covers the
full lifetime of the sensor. The objective of this paper was to present the development of an algorithm
to detect BA pixels from LTDR data, and analyze the outputs in relation to other existing products.

2. Methods

2.1. General Workflow

Figure 1 presents the flow chart with the BA algorithm structure. First, the LTDR daily data were
synthetized in monthly composites and spectral indices related to the burned signal were calculated.
Unburnable covers were masked out to optimize processing and avoid potential commission errors.
These masked areas included bare soil, water, urban areas. and permanent snow and ice, and were
obtained from the Land Cover CCI project [27]. From the input bands and derived spectral indices,
a synthetic BA variable (named as the LTDR BA index, or LBI to simplify) was computed. This variable
tried to include the different spectral features of AVHRR data that would help to discriminate burned
pixels based on experience from previous studies and LTDR sample statistics. The random forest
(RF) classifier was selected to discriminate burned and unburned pixels, as it has provided good
generalization potential in many recent satellite applications. To facilitate the discrimination of BA
using seasonal changes, the RF models were trained using the twelve monthly LBI values of each
single year as the predictor variables. The training was based on burned pixels obtained from the
NASA MCD64A1 Collection 6 (from now on simply MCD64A1) BA product [15], which produced
global BA estimations from 2001 to 2017 at a 500 m spatial resolution. This product is widely used by
climate modelers [28]. Previous estimations of commission and omission errors for this product were
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0.336 and 0.663, respectively [29]. The MCD64A1 product was resampled at 0.05 degrees to obtain the
proportion of BA within each LTDR pixel. A pixel was considered burned if it had at least 1% of BA.

LTDR daily data (AVH09) CCl Land Cover v1.6.1 MCD64A1
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Figure 1. Flowchart of the methodology to obtain the FireCCILT10 BA product. The method starts with
the input data (shown in grey), which are processed and converted into a BA classification. This product
is validated independently in the validation step (shown in light orange).

The RF model was used to run the processing over the whole time series. Once the burned pixels
were detected, they were assigned a proportion of BA based on the MCD64A1 dataset. Finally, the BA
product (named FireCCILT10) was formatted to match the standard formats of the Fire_cci project,
and made freely accessible [25]. The validation was carried out by comparing BA detections with those
included in the MCD64A1 product for those years not used in the training phase. A comparison was
also made with the fire perimeters derived from national services in Australia, Canada, and California.
Further details are included in the following sections.

2.2. Land Long Term Data Record Dataset

The LTDR Version 5 product is a dataset created by NASA to provide a corrected time series of
global AVHRR coarse-resolution observations [26]. This was generated using the global area coverage
(GAC, 4 x 4 km), acquired by the AVHRR2/3 sensors on board the NOAA-7, 9, 11, 14, 16, 18, and 19
satellites (all of them have an equatorial crossing time around early afternoon). The LTDR data
are available from 1981-to the present, representing the longest global time series of satellite Earth
observations (38 years). However, the dataset is not fully continuous, as different observational gaps
are still present. The most important one was found in 1994, which covered several months (Figure 2).
For this reason, 1994 was not used in the generation of the FireCCILT10 product.

The LTDR dataset includes radiometric corrections, geometric corrections (inverse navigation
to relate an Earth location to each sensor’s instantaneous field of view), and atmospheric corrections
(Rayleigh scattering, ozone, water vapor, and aerosol correction). For the latter, MODIS images were
used to guarantee consistency, assessing the years in which they were present within the time series.
However, despite the calibration among sensors, some inconsistencies were found in the visible
channels (Figure 3) due to the degradation during the sensor’s lifetime and for those periods where
the new versions of the AVHRR sensor were included in the time series.
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Two sensors with valid images
Two sensors but only a valid image in one of them
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Figure 2. Global and daily data availability of LTDR (v5) in the time series where it was possible to
find different problems such as gaps without data (as in 1994 with an eight-month gap or specific gaps
in the time series), several daily images with more than one sensor, and corrupt or repeated files.
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Figure 3. Evolution of near infrared reflectance (channel 2) in the time series. A pixel in the Sahara
Desert was selected to better observe the radiometric stability of the different AVHRR sensors, as this
area is very stable throughout time [30,31]. In the shift of the different sensors, the greatest instabilities
were shown when new versions of the AVHRR sensor were used such as in 2000 with NOAA 16.
NO7 to N19 indicate the satellite where the AVHRR was mounted, meaning from the NOAA-7 to the
NOAA-19 satellites.

The LTDR product has ten bands. The original bands are surface reflectance for channel 1
(0.58-0.68 um) and channel 2 (0.725-1.1 um) (red and near infrared, respectively), medium infrared
(surface reflectance and top of atmosphere (TOA) brightness temperature for channel 3, 3.55-3.93 pm),
and thermal infrared (TOA brightness temperature for channel 4, 10.3-11.3 um and TOA brightness
temperature for channel 5, 11.5-12.5 um). In addition, LTDR includes the view zenith angle, solar zenith
angle, relative azimuth, and quality assessment field (QA). Two bands show several problems. First,



Remote Sens. 2019, 11, 2079 50f 19

the AVHRR?2 sensor was changed for AVHRR3 in 2000 with NOAA-16. The new version of the sensor
included a change of configuration in channel 3 between daytime (channel 3a, 1.58-1.64 um) and
night-time (channel 3b, the 3.55-3.93 um original configuration), which implied a modification of daily
reflectance and temperature for this band (Figure 4). In 2003, the historical configuration was restored.
Furthermore, saturation of channel 3 on the AVHRR2 sensor was increased in the AVHRR3 sensor to
63 degrees [32], so this channel was also not consistent with previous versions (Figure 5). On the other
hand, the QA information was found to be not sufficiently accurate as many cloudy and noise pixels
observed visually were not properly masked. Therefore, this layer was finally not used.
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Figure 4. Time series of brightness temperature for channel 3 (3.55-3.93 um) for a pixel located in the
Sahara Desert. The impact of changes related to the daytime configuration of AVHRR3 (1.58-1.64) can
be clearly seen between 2000-2003. In 2003, the previous configuration was restored.
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Figure 5. Difference between AVHRR2/3 in a Sahara Desert pixel of channel 3 (3.55-3.93 um).
The saturation between AVHRR2/3 was different: AVHRR2 was saturated at 50 °C and AVHRR3 at
63 °C. Therefore, before 2000 (AVHRR?2), the data were distributed in a narrower range than after 2000
(AVHRR3). This implies a significant variation between the sensors.

2.3. Composites

LTDR daily data are difficult to process because they are affected by noise, clouds, shadows,
very oblique angles, radiometric instability, and other artifacts. Monthly composites (Figure 6) have
been commonly used instead [33] to retain the highest quality observations of a daily dataset. Among
the different criteria for creating image composites, we selected the maximum temperature of channel
4 (10.3-11.3 pm), as it has been proven to provide good sensitivity to detect burned pixels while
avoiding clouds and cloud shadows [34]. The compositing algorithm also included a burnable mask
derived from the ESA’s CCI Land Cover v1.6.1 product [27]. The land cover product was reclassified
(burnable and unburnable) and resampled from the original 300 m resolution to the LTDR resolution
(0.05 degree), thus obtaining the proportion of burnable area within each pixel. All pixels with a
proportion of burnable area lower than 20% were masked and discarded from the analysis. We selected
the year 2000 from the different available epochs of this product as being representative of the average
cover conditions of the target period.
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Figure 6. Impact of temporal compositing for the LTDR data. (Left) Daily images acquired on July 18,
2008. (Right) Monthly composite for July 2008 with the unburnable classes removed. In both cases,
the RGB color composition used NIR, red, and red reflectances.

2.4. Input Bands

To analyze the spectral separability of burned and unburned pixels, the original bands and
different spectral indices previously used in BA studies and others used for vegetation dynamics were
computed (Table 1). In addition, the monthly temporal differences of those indices were also calculated.

Table 1. Derived bands generated as inputs for the BA algorithm. References for previous studies
using each index for BA discrimination are included.

Index Formula Developer BA Application
__ PNIR—PRED
Normalized Difference NDVI= i Tpreo (35] [11,36]
Vegetation Index pnir = surface reflectance for channel 2 (0.725-1.1 um) $ ,
prep = surface reflectance for channel 1 (0.58-0.68 um)
. prep—0.125
Global Environmental GEMI=n-(1 - 025-n) - ( T=prep ) [37] [18,21]
Monitoring Index _ (2 - (PNIRZ’PREDZ)‘F 15 ‘PN1R+O<5'PRED) g !
n= PNIR+PrED+0.5
BAI = 1
(pCI<ED_pRED)2+ (PCN11<_PN1R)2
Burned Area Index Where pcyr and perep are the convergence values for [38] [18]
burned vegetation (defined for AVHRR as 0.06 and 0.1,
respectively).
. . __ _PNIR=PRED _
Soil Adjusted . SAYI = Do L Fl +L) (39] (40]
Vegetation Index Being L soil reflectance (in this case L = 0.5)
Modified Soil Adjusted MSAVI = 0.5-[(2 -pnig + 1)% - [41] [21]
Vegetation Index 2((2pnir + 1)* = 8(pnik — prep)) ]
Ts = T4+ 3.33(T4 - T5)
T4 = TOA brightness temperature of channel 4
Surface Temperature (~10.3-11.3 pm) [42] [21]

T5 = TOA brightness temperature of channel 5
(~11.5-12.5 pm)

A statistical analysis was carried out to select the most sensitive variables to discriminate between
burned and unburned pixels. A sampling of more than 450,000 burned and more than 50 million
unburned pixels was selected. Burned pixels were extracted from the MCD64A1 product, which was
used as the reference dataset to generate the classification model. We used 2008 as the calibration
year for this analysis. We computed the median and interquartile range values for each input band to
analyze whether expected trends (for instance, lower NDVI for higher burned proportions) of each
input band were observed. Additionally, RF models were run to select the most explicative variables
for BA discrimination, but the results were not conclusive.
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2.5. LTDR Burned Area Index

Several RF models were generated from the original and derived bands (Table 1), but the
results showed severe confusion between the burned and unburned pixels. Therefore, we decided
to base our models on a dedicated synthetic index that aimed to combine the most sensitive
variables for BA discrimination in a single variable. We named this index, the LTDR BA Index
(LBI), which included various spectral dimensions of fire effects such as low NIR and R reflectance and
GEMI values, high temperature, temporal decrease in NIR reflectance and GEMI values, and increase
in temperature. These trends were observed in our dataset as well as in several previous studies on BA
discrimination [43].

All variables (X) were normalized (z-score), to reduce the impact of temporal instability in the
time series using the means (u) and standard deviations (o) for each month:

The final formula of the LBI was:
LBI = z(T5) —z(T5_dif f) — z(Red) — z(Red_dif f) — z(NIR) — z(NIR_dif f) — z(GEMI) — z(BAI) — z(BAL; + 1)

where t is the monthly composite being analyzed; t + 1 is the composite of the following month and
t — 1 is the composite of the previous month; diff is the difference between ¢ — 1 and ¢; T5 is the
TOA brightness temperature of channel 5 (~11.5-12.5 pm); Red is the surface reflectance of channel
1 (0.5-0.7 um); and NIR is the surface reflectance of channel 2 (0.7-1.0 pm).

Figure 7 shows the comparison of monthly LBI values for the burned and unburned pixels in
different tropical regions [44]. To facilitate the comparison between pixels in different hemispheres,
the figure indicates the months before and after the fire occurrence. The higher values of LBI indicate a
higher likelihood of burning. The burned pixel shows a clear variation around the date of the burning,
while the unburned shows a more stable trend. The increase of LBI values before the fire may be
related to an increase in vegetation dryness (thus reducing chlorophyll activity) and temperature.

30

20
—SHAF - BA
-=--SHAF - NBA
—NHAF - BA
-=-NHAF - NBA
—AUST - BA
---AUST - NBA
SHSA - BA
SHSA - NBA

LBI
)

-6 -5 -4 -3 -2 -1 Fire 1 2 3 4 5
Month

Figure 7. Monthly variation (2008) of the LTDR BA Index for an example of the burned area (BA)
and unburned area (NBA) pixels. Southern Hemisphere South America (SHSA), Europe (EURO),
Northern Hemisphere Africa (NHAF), Southern Hemisphere Africa (SHAF), and Australia and New
Zealand (AUST).

Figure 8 shows the global LBI values in July 2008. As expected, larger values were observed in
the Southern Tropical fringe of Africa, which commonly burns during this period. Great values were
also observed at high latitudes (>60°) where the quality of the LTDR data decreased or artifacts were
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observed. These outliers did not affect BA discrimination as their temporal trend did not show the
clear seasonal variability observed for burned pixels.
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Figure 8. LBI values for July 2008. Higher LBI values were observed in the Southern Hemisphere
tropical regions, when the dry period occurred.

2.6. Random Forest Model

The RF algorithm was selected to create the LTDR BA classification because it has been
shown to be quite robust in many land cover classification studies [45-47] that also includes BA
discrimination [48-50]. RF is a machine learning algorithm that is based on generating a combination
of decision trees that are independent of each other. Each decision tree randomly selects a subset of
input pixels, which are discriminated using the predictor variables. A pixel is assigned to a category
according to the majority vote of the ensemble of trees.

For this particular classification, the RF parameters were defined following our previous
studies [48,49]. Six hundred decision trees were selected as this was found to be a good number to
reach that had acceptable precision without greatly increasing the processing time. To cope with the
high unbalanced character of our sample (the vast majority of pixels were unburned), a 10% proportion
of the BA pixels were forced to be included in each decision tree. The data entered in each tree were
selected randomly, establishing only the percentage of each class.

Monthly RF models were developed to better adjust the fire conditions of each month. Several
factors were considered to build the RF models: (1) the number of months during the year by analyzing
the impact of the temporal seasonality on the models; (2) the number of input years to be able to obtain
a generalized model that was valid for the full time series; and (3) the proportions of the burned area
in the MCD64A1 that should define a pixel as burned.

RF models were run with a different number of input months within a year. When just using
three months (t, t — 1 and t + 1) the model did not show good performance. The number of months
was subsequently increased from seven (three months before, month of study, and three months after)
to the whole year to further consider seasonal variability. The latter showed the best performance,
as the 12 months included a more complete temporal evolution of the pre- and post-fire conditions.

The first RF models were trained with only one year (2008), but the resultant model performed
poorly in other years. Therefore, training was based on several sets of years to avoid the overtraining
bias. We found a stable and consistent model with eight years of training data (2001, 2003, 2004, 2006,
2008, 2011, 2013, and 2015) and included years with different global fire occurrences such as 2004 and
2011, which had the highest occurrence, and 2013, which had the lowest.

Finally, different RF models were trained with several proportions of BA within a pixel by taking
this information from the reference MCD64A1 product. Five percentile classes (0, <25, 25-50, 50-75,
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>75), four classes (0, <40, 40-80, >80), three classes (0, <50, >50), and two classes (0, >80) were tested.
They showed severe overtraining or inaccurate results, since most of the burned pixels were in the low
percentage range. Finally, two classes (burned/unburned) were used, where burned was classified as
those LTDR pixels with any proportion of burned (=>1%).

In summary, our BA product (named FireCCILT10) was based on 12 RF monthly models,
each trained with eight years of data and with two output classes (burned/unburned) (Figure 9). In all
cases, the predictor variables were the 12 monthly LBI values of each input year. The training dataset
had around one million burned pixels and around thirty million unburned pixels. The RF classification
was performed with the monthly models and for the full time series of the LTDR dataset excluding
the year 1994. A total of 420 classifications (12 months X 35 years) were performed to obtain the final
product. The RF output provided the probability (between 0 and 1) of a pixel to be burned per month
and year.

12 monthly models: Independent variable Dependent variable Years
1 model per month LBI (Month 1)
3 LBI (Month 2)
° LBI (Month 3)
s LBI (Month 4) ggg;
% LBI (Month 5) o
2 Month model LBI (Month 6) MCD64A1 (Month m): e
b (Monthm) | = LBl (Month7)  |* Burned of | 2000
IS LBI (Month 8) Unburned 2011
3 LBI (Month 9) 2013
S LBI (Month 10) i
[ & | LBI (Month 11)
LBI (Month 12)

Figure 9. Representation and composition of the random forest model. Twelve monthly models were
created using two variables with the data from eight years.

A sensitivity analysis was carried out to convert the RF probabilities into a binary classification,
using MCD64A1 data for the overlapping period (2001-2016). Different cut-off thresholds (between 0.00
and 1.00) were used to evaluate the ones that classified the LTDR pixels more similarly to the MCD64A1
product. The proportion with the highest dice coefficient (DC) for each month was used. DC is a
statistical index that integrates the omission and commission error of the BA class [51]. Since each year
showed slight variations in the monthly thresholds, we used the median value of all years for each
month as a cut off value for that month to obtain the burned-unburned classification during the whole
time series. The RF probability of the burned assignment was also kept to compute the uncertainty of
the BA detection, which was offered as an auxiliary variable of the final FireCCILT10 product.

2.7. Estimation of Burned Proportions

Once the binary classification was obtained, the final phase was to assign a certain proportion
of the burned area to each burned pixel. Considering a burned LTDR pixel as fully burned was not
realistic, as it is unlikely that such a large area (around 25 km?) would be completely affected by fires.
For this reason, the pixels classified as burned were converted to a proportion of burned using the
MCD64A1 product as a proxy of the true BA. The aim was to obtain a relationship that would provide
a similar total BA to the MCD64A1 and LTDR products for the overlapping period, and then use that
relation to extrapolate backwards.

This analysis was performed at a grid-cell level, with cells having a 0.25-degree spatial resolution
(5 x 5 LTDR pixels). First, we computed the actual BA for each cell during the overlapping period
from the MCD64A1. Then, for each cell, we estimated the proportion of burned pixels that would sum
up the total BA estimated by the MCD64A1 product (Figure 10). This process was done for each cell
and each month of the existing MCD64A1 time series.



Remote Sens. 2019, 11, 2079

MCD64A1
Year 2

Year 1

1 burned pixel

3 burned pixels

Sum years

15 burned pixels

15 burned MCD64 pixels

LTDR binary classification

Year 1 Year 2

2 burned pixels

2 burned pixels

Sum years

20 burned pixels

- = 0.75 =75%
20 burned LTDR pixels

A

10 of 19

Figure 10. Calculation of the percentage of Burned Area for the 0.25° cell. The MCD64A1 had 15 pixels
classified as burned after aggregating all years during the time series. The LTDR product had 20 pixels
classified as burned for the same period. Therefore, each LTDR pixel for this cell was considered to be

75% burned.

2.8. Number of Observations

We computed the number of observations as a potential source of error in the classification process.
This variable was computed as the total daily observations in each month minus the number of days
in which each pixel had “No data values” or reflectance equal to or greater than 90% (considered
noise). The total number of observations varied throughout the months (28-31 days) and the number
of NOAA-AVHRR satellites (1 or 2) that were active that day. An example of this calculus is included
in Figure 11. Generally, a higher number of observations were found nearby the Equator, while boreal

regions had the lowest.

160° W 140°W 120° W 100" W BO°W 60°W 40°W 20°W  0°

20°E 40°E 60°E B80°E 100°E 120°E 140°E 160°E

o0”

Number of Observations . g
(v El=

e Bl
e 1w Bl
[ El2»
. e > Bl
-z I
=

s Bl
AT Bl

10°8  10°N 30°N 50°N 70°N
L

70°S 50°8 30°S

90"

Figure 11. Average number of observations per month in the time series. The number of observations

shows the number of good observations (without “no data values” or reflectance equal to or higher

than 90%).

2.9. Validation

Using Landsat data to validate the product would produce unrealistic estimations of accuracy,
considering the large difference in spatial resolution between these two sources of data. In addition,
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our product was expected to have a low temporal reporting accuracy, as it was built from monthly
composites, which would make the comparison with short acquisition periods between two Landsat
observations difficult.

For these reasons, a preliminary validation of the FireCCILT10 product was based on comparing
the BA estimation of this product with the MCD64A1 for the eight years not used in generating the RF
models (2002, 2005, 2010, 2012, 2015, 2016, and 2017). We compared areal estimations of our product
with those of MCD64A1 for continental regions [44] by computing the correlation and regression
parameters for the eight years between the two datasets.

In addition, we compared our results for the long time series with several national fire perimeters,
which are representative of different fire biomes and have a long time series. We included fire perimeters
from the Canadian Wildland Fire Information System [52], the state of California [53] and the North
Australian Fire Information database [54]. The first two include fire statistics that covered the full time
series of our LTDR BA product.

3. Results

3.1. Spatial Patterns

Figure 12 shows the spatial patterns of BA detected by the FireCCILT10 product in relation
to the MCD64A1 in 2016. Africa was the most burned continent, especially at the tropical fringes.
A total of 74.37% of the whole BA occurred in Africa. MCD64A1 aggregated at 0.05 degrees showed
only 2.5% more pixels burned than FireCCILT10, with more detections in the northern latitudes,
while FireCCILT10 showed a higher concentration of BA in tropical regions. The main differences
between the two products were found in boreal regions and northern South America. In Africa,
great similarities were observed, specifically in sites where there was more BA.

According to the continental regions [44], MCD64A1 estimated more BA than FireCCILT10 in each
region (Table 2), although they showed similar spatial variability. Southern Hemisphere Africa was
the most burned region, followed by Northern Hemisphere Africa. Australia and New Zealand and
Southern Hemisphere South America were also greatly affected by fire in both BA products. Europe,
the Middle East, and Equatorial Asia were the least burned regions.

Table 2. Average Burned Area of the FireCCILT10 and MCD64A1 products (2001-2017) in the continental
regions. Boreal North America (BONA), Temperate North America (TENA), Central America (CEAM),
Northern Hemisphere South America (NHSA), Southern Hemisphere South America (SHSA), Europe
(EURO), Middle East (MIDE), Northern Hemisphere Africa (NHAF), Southern Hemisphere Africa
(SHAF), Boreal Asia (BOAS), Central Asia (CEAS), Southeast Asia (SEAS), Equatorial Asia (EQAS) and
Australia and New Zealand (AUST).

Continental Region BONA TENA CEAM NHSA SHSA EURO MIDE
MCD64A1 (Mkm?) 0.428 0.478 0.468 0.894 5.002 0.186 0.239

FireCCILT10 (Mkm?) 0.093 0.187 0.201 0.463 3.519 0.102 0.050
Continental Region NHAF SHAF BOAS CEAS SEAS  EQAS AUST
MCD64A1 (Mkm?) 21917 25927 1.586 3.417 2.358 0.260 8.702

FireCCILT10 (Mkm?) 20.348  22.984 0.745 1.378 1.948 0.100 5.204

The highest discrepancies between the MCD64A1 and the FireCCILT10 were found in boreal
regions, where the latter product showed a clear underestimation. This should be related to the low
quality observations of the LTDR time series in northern latitude regions, where many months had less
than five valid images.

In terms of land cover, the most affected category was tree cover, broadleaved, deciduous, closed to
open (>15%) with 49.27% of the total burned area, followed by shrubland (25.59%), and rainfed
cropland (8.49%).
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Figure 12. FireCCILT10 (top) and MCD64A1 (bottom) burned area in 2016.

3.2. Temporal Trends

The FireCCILT10 BA product includes thirty-six years of global BA (1982-2017, excluding 1994).
The average yearly BA was 3.12 Mkm?, with a maximum burned area of 4.45 Mkm? in 2011 and
minimum burned area of 1.74 Mkm? in 1988 (Figure 13). Annual BA estimations from the FireCCILT10
product showed a high inter-annual variability from 1982 to 2000, with more stable trends after 2001
and during the common period with MCD64A1. Decreasing BA at the end of the period (2012-2017)
was observed in both products, although it was more evident in FireCCILT10.

Seasonal fire trends were distributed by regions, in particular, the northern hemispheric tropical
belt at the end and beginning of the year and the southern hemispheric tropical belt in the middle of the
year. Monthly average BA indicated that December and September had the highest values of BA with
0.44 Mkm? and 0.38 Mkm?, respectively, and April (0.09 Mkm?) and May (0.10 Mkm?) had the lowest.
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3.3. Validation Results

Figure 14 shows the scatterplot of the BA estimations for the MCD64A1 and FireCCILT10 products
in the different continental regions. Only the eight common years not used in the training phase were
included in this graph. Global correlation was highly significant, although it was highly influenced by
the most burned regions (both hemispheres of Tropical Africa). Average estimations for all regions
indicate a tendency toward underestimation (18%), according to the slope value. Figure 15 shows
the temporal evolution of residuals for the different continents. Residuals are the difference between
the MCD64A1 and FireCCILT10 multiplied by the slope of the BA estimations. The larger values
corresponded to the most burned regions, with significant underestimation in Australia in 2012 and
Southern Hemisphere Africa in 2005 and 2017. A large overestimation was found in the same area in
2010 and, less relevant, in Northern Hemisphere Africa for the same year. Boreal regions and Central
Asia showed a consistent underestimation in all validation years.

Comparison of the FireCCILT10 BA estimations and national fire perimeters (Figure 16) showed the
limitations of our product, particularly for boreal regions (the example was from Canada), where the fire
trends were not well captured, mainly in the pre-MODIS era. For California, the trends were unstable,
with a high overestimation in 1992 and underestimation in 2008. The time series had better agreement
with the national perimeters after 1998. The FireCCILT10 estimations for the Northern Australia
BA were also unstable, with better agreement for the years with lower occurrence. This Australian
database only started in 2001 as it is derived from MODIS 250 m data. Unfortunately, there are no fire
perimeters for other tropical regions, where our product should produce better agreement than for
temperate or boreal regions. The agreements of the national perimeters and the MCD64A1 product
were quite reasonable for the three datasets.
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Figure 14. BA estimations of the MCD64A1 and FireCCILT10 products for the continental regions.
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Figure 16. Comparison of the BA trends between FireCCILT10, MCD64A1, and the national fire
perimeters: Canada (top), California (center), and Northern Australia (bottom). Note that the vertical
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4. Discussion

This paper presents the design and prototype processing of a BA algorithm adapted to LTDR data.
The final product offers the longest BA time series currently available. Considering the radiometric
and spatial limitations of the LTDR data, detecting BA from this data was very challenging, but also
attractive for serving the needs of the climate and atmospheric modeling community. The coarse pixel
size of LTDR makes the discrimination of the burned signal very complex as a significant proportion of
the 0.05° pixels had to be burned to observe significant changes in reflectance or temperature. In fact,
existing global BA products based on 250 or 500 m MODIS images have shown great difficulties in
discriminating BA in small fire patches or low intense fires [15,17]. These problems are emphasized
when working at a much coarser spatial resolution.

Classifying an LTDR pixel as fully burned might have created severe BA overestimation. Therefore,
we had to develop a method to convert a binary classification to percentages of BA. We based this
analysis on existing BA datasets (MCD64A1) for the common periods, which corrected overestimations,
but obviously incorporated the errors of that reference BA dataset.

Another challenge of using LTDR for BA classification is related to the temporal inconsistencies of
the middle infrared channel of LTDR. This channel (#3) was changed during the period 2000-2003,
moving from the previous 3.7 microns range to an alternative day/night configuration. These changes,
plus the lower radiometric stability of this channel, precluded its use for detecting active fires. Active
fires are widely used in BA detection [15,17,55] as their strong thermal contrast from the background is
much easier to detect than reflectance changes. Consequently, discriminating burned areas without
active fire information creates many difficulties in separating BA from other covers with strong
temporal changes (seasonal floods, deforestation, cropping, etc.).

Another limitation of the LTDR dataset is the temporal inconsistencies of the reflectance among
the satellites [33]. For this reason, different years were used to train the RF models, although they were
restricted to the most recent ones, when MODIS BA was available. Considering the seasonal variability
of fire impacts, particularly in the Tropics, different RF models were created for each month of the year
and assumed similar patterns between the pre- and post-MODIS eras.

The last limitation of the LTDR series regards to the QA inconsistencies: their low quality does
not allow the identification of artifacts such as clouds.

The design of the LTDR BA algorithm was based on trying to solve all of these challenges.
Composites were used instead of daily images to reduce the impact of clouds, unobserved areas,
and artifacts by using the maximum temperature criterion previously tested in other studies [34].
However, compositing potentially reduces the temporal reporting accuracy, as the output composites
may have different dates for neighbor pixels.

RF models were selected as they are more robust than other techniques to inconsistencies in input
data, while they provide great generalization potential. After several RF test trainings with the original
variables, it was decided to generate a synthetic index to facilitate the generalization of the RF models to
global BA conditions. In addition, several authors have shown that RF models improve their accuracy
with a small number of well-selected and non-redundant input variables [48,56]. The resulting variable
(named LBI) is an empirical index, derived from the statistics of burned and unburned pixels, but also
based on the experience of previous BA studies [17,23,42,49,55]. This index included red and NIR
reflectance, temperature, and some spectral indices. Both the original data and indices considered
monthly values and temporal differences. All were normalized using each month’s global statistics to
reduce the impact of the temporal instability of the LTDR dataset. RF models were created using the
annual variability of the LBI to better discriminate burned areas from other covers that have a strong
temporal variation.

As expected, the FireCCILT10 product had lower accuracy values than the other global BA products
based on higher resolution sensors. Further efforts are required to improve BA detection, particularly
to reduce the impacts of sensor changes in the pre-MODIS era. FireCCILT10 showed good agreement
with MCD64A1 at the continental level, although the performance was much higher for tropical than
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for temperate or boreal regions. Average yearly BA of FireCCILT10 for the common years was lower
than MCD64A1 (3.37 Mkm? versus 4.23 Mkm?, respectively). In terms of the stability of the temporal
series, unrealistic changes between consecutive years were observed in the FireCCILT10 product.
The factors that influenced the inter-annual variability were the number of observations, the changes
in satellite orbit, and the intercalibration among the AVHRR sensors of different satellites [33].

Future efforts should concentrate on stabilizing the BA temporal series and increasing the sensitivity
of the BA product to boreal and temperate regions, where fire occurrence is much less important than
in tropical areas. Alternative classification methods (support vector machines, deep learning) will also
be tested.

5. Conclusions

FireCCILT10 is the first global BA dataset developed from the LTDR product (v5) and includes
the longest time series of BA (1982-2017) currently available.

The algorithm was based on a synthetic index that integrated different input variables to emphasize
the burned signal. The BA algorithm was built using RF models and trained with MCD64A1 BA data.
Monthly models were created with a set of contrasted years to be more generalized. The probabilities
of burning were converted to binary burned maps and then to proportions of burned area by also
using the MCD64A1 information for the overlapping period.

The yearly average BA was 3.12 Mkm? in the time series, with Africa being the region with the
largest extension of BA (74.37%). 2011 was the most burned year (4.45 Mkm?) and 1988 the least
burned (1.74 Mkm?). There were seasonal fire trends according to the different months; December
(0.44 Mkm?) and September (0.38 Mkm?) were the most burned periods. The most burned land cover
classes around the world and in Africa were tree cover, broadleaved, deciduous, closed to open (>15%),
shrubland, cropland, and rainfed. Temporal trends of FireCCILT10 and MCD64A1 products were
found to be similar at the continental scale, but important differences were found at the national
scale, particularly in boreal and temperate regions. Trends had a high inter-annual variability in the
pre-MODIS (1982-1999) era and were more stable in the MODIS era (2000-2017). The estimated BA
was found to be directly related to the quality of the input LTDR data (particularly the number of
observations, the intercalibration among satellites, and the orbital decay of the satellites).

The FireCCILT10 dataset is freely accessible at [57].
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