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a b s t r a c t

Understanding spatial and temporal patterns of burned areas at regional scales, provides a long-term per-
spective of fire processes and its effects on ecosystems and vegetation recovery patterns, and it is a key
factor to design prevention and post-fire restoration plans and strategies. Remote sensing has become the
most widely used tool to detect fire affected areas over large tracts of land (e.g., ecosystem, regional and
global levels). Standard satellite burned area and active fire products derived from the 500-m Moderate
Resolution Imaging Spectroradiometer (MODIS) and the Satellite Pour l’Observation de la Terre (SPOT)
are available to this end. However, prior research caution on the use of these global-scale products for
regional and sub-regional applications. Consequently, we propose a novel semi-automated algorithm for
identification and mapping of burned areas at regional scale. The semi-arid Monte shrublands, a biome
covering 240,000 km2 in the western part of Argentina, and exposed to seasonal bushfires was selected
as the test area. The algorithm uses a set of the normalized burned ratio index products derived from
MODIS time series; using a two-phased cycle, it firstly detects potentially burned pixels while keeping a
low commission error (false detection of burned areas), and subsequently labels them as seed patches.
Region growing image segmentation algorithms are applied to the seed patches in the second-phase, to
define the perimeter of fire affected areas while decreasing omission errors (missing real burned areas).
Independently-derived Landsat ETM+ burned-area reference data was used for validation purposes. Addi-
tionally, the performance of the adaptive algorithm was assessed against standard global fire products
derived from MODIS Aqua and Terra satellites, total burned area (MCD45A1), the active fire algorithm
(MOD14); and the L3JRC SPOT VEGETATION 1 km GLOBCARBON products. The correlation between the
size of burned areas detected by the global fire products and independently-derived Landsat reference
data ranged from R2 = 0.01–0.28, while our algorithm performed showed a stronger correlation coefficient
(R2 = 0.96). Our findings confirm prior research calling for caution when using the global fire products
locally or regionally.

© 2014 Elsevier B.V. All rights reserved.

Introduction

Over the past few decades wildfires have received significant
attention because of the wide range of ecological, economic, social,
and political values at stake. Their impacts rely heavily on the
intensity, frequency and spatial distribution, which in turn are
influenced in complex ways by several natural and anthropic fac-
tors (Archibald et al., 2008; Flannigan et al., 2009; Keeley et al.
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2008). The understanding of these feedbacks at regional scale
depends on an accurate knowledge of the timing and extent of fire
events. As collecting fire data in the field is time consuming, expen-
sive and difficult, especially in remote areas, many studies have
investigated the ability of satellite imagery to monitor biomass
burning and produce accurate burned area estimates, proving to
be a cost effective, objective and time-saving tool (Rollins et al.,
2004; Chuvieco and Kasischke, 2007; Roy et al., 2005).

Current methods for remote sensing-based mapping and mon-
itoring of wildfires include manual digitalization of burned areas;
active fire detection at the time of satellite overpass; threshold-
based methods using multi-spectral bands or spectral indices
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Table 1
Examples of current methods and techniques for mapping and monitoring wildfires.

Method Study region Sensor/Satellite Reference

Digitalization of burned areas Sub-Saharan Africa Landsat ETM+ Silva et al. (2005)
Near real time active fire detection Global MODIS Giglio et al. (2006)
Image thresholding Amazonia MODIS Libonati et al. (2010)

Spain MODIS Quintano et al. (2011)
Spectral indices Iberian Peninsula MODIS Martín et al. (2006)

North America/Siberia MODIS Loboda et al. (2007)
Boreal fores NOAA-AVHR Chuvieco et al. (2008)

Change detection Global MODIS Roy et al. (2005)
Africa MODIS Roy et al. (2002)

Bayesian decision trees Greece Landsat TM Bruzzone and Prieto, (2002)
Classification trees Sub-Saharan Africa SPOT-VEGETATION Silva et al. (2005)
Spectral unmixing Portugal NOAA-AVHRR
Artificial neural networks Spain MODIS Gómez and Martín, 2011
Classification (object oriented) Thasos Island Landsat TM Mitri and Gitas, 2002
Spatial autocorrelation analysis Italy MODIS/ASTER Lanorte et al. (2011)
Regression analysis Spain NOAA-AVHRR Fernandez et al. (1997)
Principal component analysis Spain Landsat TM Siljeström and Moreno-Lopez, 1995
Image segmentation Spain SAC-C/MMRS Garcia and Chuvieco, 2004
Fire radiative power estimation Northern Australia MODIS Maier et al. (2013)
Image thresholding Australia MODIS Maier, 2010
Fire radiative power estimation NSW and Victoria, Australia MODIS Williamson et al. (2013)

Table 2
Selected global fire products assessed for performance in detecting burned areas at regional and sub-regional scale.

Satellite and sensor Product Resolution
(temporal and spatial)

Period Tiles Server download

Terra/Aqua MODIS MCD45A1 burned area 30 days, 500 m 2001.01.01 to
20011.12.31

h12v12, h12v13,
h13v12, h13v13

ftp://ba1.geog.umd.edu/

Terra/Aqua MODIS MOD14A1 active fire
products

8-days summary; 1 km 2001.01.01 to
2011.12.31

h12v12, h12v13,
h13v12, h13v13

ftp://e4ftl01u.ecs.nasa.gov/

SPOT VEGETATION L3JRC Daily; 1 km 2001.01.01 to
2007.12.31

– http://bioval.jrc.ec.europa.eu/products/
burnt areas L3JRC/GlobalBurntAreas
2000-2007.php

such as the normalized difference vegetation index (NDVI), the
soil-adjusted vegetation index (SAVI), the global environmental
monitoring index (GEMI), and the normalized burned ratio (NBR);
supervised/unsupervised image classification, logistic regression,
principal component analysis and image segmentation, as shown
in Table 1.

A range of multi annual global-satellite-derived fire products
have been developed over the last decade using automated and
semi-automated algorithms for systematic fire-affected area map-
ping over long time series (Roy et al., 2005; Tansey et al., 2008a;
Justice et al., 2002). Some of the most widely used include the
SPOT VEGETATION-based global burned area 2000 product, the

Fig. 1. Location of the pilot study area.
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Fig 2. Vegetation types in the study area. (A) Active fire on herbaceous vegetation;
(B) Post-fire (previous season wildfire) vegetation recovery; (C) Post-fire (fourth
previous season wildfire) vegetation recovery; (D) Sheep grazing degraded area,
showing isolates herbaceous an shrub patches.; (E) Area covered by low shrubs and
herbaceous; (F) Vegetation in a single shrub layer of Chuquiraga avellanedae; (G)
Area of dense herbaceous vegetation; (H) Area dominated by shrubby vegetation.
mainly Larrea divaricata; (I) Area of mixed shrubby vegetation.

GBA 2000 (Grégoire et al., 2003) and GLOBSCAR (Simon et al.,
2004), the Leicester, Louvain-la-Neuve, Lisbon and JRC terrestrial
ecosystem monitoring global burnt area product (better known as
L3JRC) (Tansey et al., 2008a), and the MODIS-derived burned area
(MCD45A1) (Roy et al., 2005; Giglio et al., 2009), and active fire
detection (MOD14) products (Tansey et al., 2008a). While these fire
products appear suitable at the global scale, detection and mapping
of burned areas at regional and local levels remains challenging

due to the diverse and complex patterns associated to the spec-
tral response of burned areas over space and time. For instance,
Loboda et al. (2007) showed that global fire products efficiency
may vary in different ecosystems, while Tansey et al. (2008b) indi-
cated the agreement between the MODIS active fire and burned
areas products are spatially variable and dependent on vegeta-
tion type and function, revealing discrepancies in areal estimates,
timing, and location of fire affected areas. These authors also high-
lighted the need for systematic product validation; moreover, Roy
and Boschetti (2009) cautioned that global fire products may not
meet the accuracy requirements needed for regional and local scale
studies.

The aforementioned research indicates a knowledge gap in the
reliability of global fire products to deliver value added information
on wildfires extent and impacts at regional and local scales. Accord-
ingly, this paper investigates whether global fire products can cater
for the provision of accurate data and information on wildfires (or
bushfires) over small areas, and/or complex spatial patterns that
are common to semiarid ecosystems. To this end we developed and
tested a novel algorithm for automatic delimitation of burned areas
at regional or local scale, using the semi-arid Monte ecosystems
of Argentina as pilot study area, and compared its performance
with selected MODIS-and SPOT VEGETATION-derived global fire
products. Materials and methods Section describes the pilot study
area and remote sensing data acquisition, while Method Section
presents the methodological framework adopted for the imple-
mentation of the algorithm, the development of an independent
data set for validation of the outputs, and the assessment of its
performance against global fire products. Results and discussion

Fig. 3. Climatic diagram for the study area based on temperature and precipitation data of Worldclim (1950–2000), averaged over the full extent of the study area. Shaded
areas showing the fire season, stippled areas the drought stress and striped areas the water excess period.
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Fig. 4. Maps of normalized burn ratio (NBR) corresponding to Julian day 33, (a) NBR index map showing recently burned areas (1), and previous season burned areas (2); (b)
Frequency histogram (logarithmic) of NBR index values *; (c) dNBR index map showing recently burned areas (1), previous date burned areas (2), and previous season burned
areas (3); (d) Frequency histogram (logarithmic) of dNBR index values*. *NBR typical ranges: An – anomalous values; BV – burned vegetation; UV – unburned vegetation;
and PI – productivity increase for 2002-003, indicating typical ranges for: An – anomalous values; BV – burned vegetation; UV – unburned vegetation; and PI – productivity
increase.

and Conclusion Section discuss the results with emphasis on error
sources, and main conclusions and recommendations, respectively.

Material and methods

Pilot study area

The Patagonian Monte biome is a semiarid ecosystem located
in western Argentina, extending from 24◦35′S to 44◦20′S (León
et al., 1998) (Fig. 1). Vegetation corresponds to a shrubland with
frequent herbaceous strata where vegetation cover rarely exceeds
60% (Fig. 2). The climate is semiarid to arid, with high evaporation
enhanced by windy conditions. Western winds predominate all the
year round. Mean annual rainfall varies between 150 and 850 mm,
while the mean annual temperature varies between 13 and 15 ◦C
(Fig. 3) (Hijmans et al., 2005; Labraga and Villalba, 2009).

Wildfires and domestic grazing are the main disturbance agents
in this region (Villagra et al., 2009). There are three historical peri-
ods where fire played different roles in the ecological dynamics
of the area; in ancient times and up to the end of the 19th cen-

tury, the indigenous people frequently burned the shrublands for
hunting, communication or other purposes (Claraz, 1988). After the
introduction of domestic livestock (mainly sheep) at the end of the
19th century and up to the 1980s, dramatic changes occurred in
the vegetation dynamics due to grazing disturbance (Ares et al.,
1990; Soriano et al., 1983) and frequency fire disruption (Defosse
et al., 2003). Increasing grazing pressure since the late 1980s has
resulted in relented recovery of grasslands and the consequent
accumulation of dead grass biomass, which in turn has increased
fire events frequency and magnitude (del Valle et al., 2004). Cur-
rently the region lacks a fire management plan; only firewalls are
built in peri-urban areas to protect properties.

Input data set and pre-processing

The primary input for the proposed burned area algorithm
was the 2000–2011 time series of the MODIS-derived normalized
burned ratio index (NBR), and the temporal difference of consecu-
tive images (dNBRt = NBRt − NBRt−1) described in the next Section.
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Fig. 5. Workflow of the burned areas detection algorithm indicating input and output data (white panels) and the main processes (Grey panels). The algorithm is applied
recursively to each image in the time series, from 2001-001 to 2011-365.

The NBR index serves to detect burned areas, while the dNBR
measures burn severity. Even though both indices were originally
developed for use with data input from Landsat TM/ETM+ sen-
sors imagery (Key and Benson, 1999), they were later successfully
adapted to other sensors data (e.g., MODIS) showing spectral band
configurations sensitive to fire-related landscape features (Loboda
et al., 2007).

The NBR index for the study area was obtained using 16
days composites (maximum value composite) of MODIS surface
reflectance product (MOD13Q1), bands 2 (0.841–0.876 �m) and 7
(2.105–2.155 �m) downloaded in hierarchical data format (HDF)
and sinusoidal cartographic projection. Key and Benson (2006)
equation was applied for the NBR index as follows:

NBR = (band2 − band7)
(band2 + band7)

(1)

where NBR takes values ranging between −1 and 1; positive values
occur over vegetated areas, while negative values correspond to
bare surfaces. Burned areas present negative NBR values, depend-
ing on burn severity (Escuin et al., 2008).

The temporal difference of two consecutive dates (dNBR index)
was obtained with the following equation:

dNBR = NBRt − NBRt−1 (2)

Theoretically, due to the NBR data range, dNBR can range
between −2 and +2. According to Keeley (2009), typical data val-
ues vary between −0.55 to +1.35. Positive dNBRt values will result
from NBRt being greater than previous NBRt−1. This may be due to
increased plant productivity at time t of the NBR image acquisition,
thus resulting in dNBRt values ranging from 0.10 to 0.50. Clouds or
anomalies in the NBRt−1 result in dNBR values above 0.5. Typical
unburned pixels fall approximately in the range near zero of the

Fig. 6. Temporal variation of the average of the NBR and DNBR index on a burned area, (a) Complete time series (2001-001 to 2011-353); (b) Detail of the 2001-001 to
2004-001 period, indicating the abrupt change in the dNBR index and persistent change the NBR index.
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dNBR index (−0.10 to 0.10), indicating relatively little or no change
over the time interval considered. Typically, a burned pixel shows
dNBRt values in the −0.1 to −0.55 range due to a decrease of NBRt

in comparison to NBRt−1, produced by a wildfire. These threshold
values, for both NBR and dNBR, are consistent with those found in
our study area (Fig. 4).

To match the extent of the study area, subsets of four image tiles
(h12v12, h12v13, h13v12 and h13v13) were extracted, covering
2655 × 2948 pixels. The images were referenced to the Universal
Transverse Mercator Zone 20 South projection, resampled to a pixel
size of 250 × 250 m and converted to Geo-tiff format using the GDAL
library. This process resulted in 272 index images of NBR and dNBR
time series for the period 18 February 2000–31 December 2011 (see
Fig. 5), each one derived from 16 days composite MODIS images;
the index images were incorporated in a geographic database for
further analysis.

Lastly, all pixels marked as snow, ice or water bodies in the
MODIS composites were masked to avoid false positives in these
areas. The pixels labeled as clouds or with marginal quality were
removed and replaced by digital numbers derived from a temporal
spline interpolation, to avoid extreme values in the temporal series,
where data from one scene replace missing data in the other scene.

Method

The burned area algorithm
Fig. 5 shows a flowchart summarizing the methodological steps

of burned areas algorithm. The input data are the normalized
burned ratio index derived from the MODIS time series aforemen-
tioned. The mapping accuracy of the output results was assessed

using reference data obtained from independently-derived Landsat
Enhanced Thematic Mapper Plus (ETM+) burned-areas, described
in the following Section.

Algorithm development
The burned area algorithm works in two phases, executed iter-

atively. The first phase aims to detect ‘potentially burned’ pixels
while keeping a low commission error (false detection of burned
areas); these pixels become ‘seed patches’ and are input to a region
growing image segmentation algorithm to delineate the perimeter
of the fire affected area, decreasing omission errors in this process
(missing real burned areas).

The first phase of detecting potentially burned areas includes
two stages; the first one aims to detect abrupt changes and the
second one to detect persistent changes (Fig. 6). Considering the
theoretical dNBR values described in the previous Section, in the
first stage we extracted all pixels with dNBR values between −0.1
and −0.55. Spectral changes induced by fires should be persis-
tent overtime; that is, negative NBR values should be consistently
observed during a time span after detection of a burned area. That
premise guides the second stage, which keeps only pixels from the
first stage whose NBR values remains below −0.1 in the following
three image dates (e.g., representing a total of 48 days post- burned
area detection, given the use of MODIS 16 day composites for the
production of the NBR images). The resulting pixels are labeled as
seed areas.

The second phase uses the seed patches to define the perime-
ter of the burned area through applying a region growing image
segmentation algorithm. This technique requires a seed area that
is considered to be representative of the object (potentially burned

Fig. 7. Landsat TM mosaic of the validation area after the 2011 fire season, showing the reference burned areas of the 2001–2011 period.
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area) to be segmented; applying a pre-determined criterion, neigh-
boring pixels are evaluated to determine if they should also be part
of the object. If so, they are added to the seed area, and the process
continues iteratively until no new pixels are added to the area. Our
research used the connected threshold criterion (Pratt, 2001), with
an interval of NBR values obtained empirically (−0.1 < NBR < −0.4).
This algorithm was implemented as an ad hoc function within the
r.mapcalc module of GRASS-GIS. Lastly, each individual burned area
was vectorized, and an attribute table with a unique identifier was
generated specifying the approximated burned date (eg., using the
MODIS 16 days composite date as reference) and areal extent of
each fire occurrence. The aforementioned process enabled gath-
ering a comprehensive database of burned areas over the Monte
ecosystem, for the 2000–2011 period.

Validation with independently-derived reference data
Validation processes require independent reference data

sources, which should have a known precision level and cover a
representative proportion of the study area. Reference data derived
from higher spatial resolution satellite imagery have been used
extensively to validate lower spatial resolution burned area prod-
ucts (e.g., Barbosa et al., 1998; Fraser et al., 2000; Boschetti et al.,
2006; Tsela et al., 2014). Even though this approach presents some
challenges due to potential geometrical displacements (Eva and
Lambin, 1998), several authors (Eva and Lambin, 1998; Silva et al.,
2005; Roy and Boschetti, 2009) have suggested the comparison of
two sources with differing spatial resolution is possible based on
the analysis of the proportion of affected area falling within each
cell in a large grid, covering the target area.

Reference burned area perimeters were obtained by supervised
classification (Fig. 7) of Landsat ET/ETM+ images of 30 m spatial res-
olution. We analyzed images of the end of the fire season (April or
May) for each year between 2001 and 2011 over an area that cov-
ered approximately 37,250 km2, corresponding to 15% of the total
area. The area was extracted from four Landsat scenes and refer-
enced to the unique Landsat Worldwide Reference System (WRS-2)
path rows 243 89, 243 90, 244 89 and 244 90. These maps were
considered the best available reference data and were used for
comparison with the burned area maps.

Linear regression equations were fitted between the results
generated by the burned areas algorithm applied on the MODIS-
derived NBR, and the independently derived Landsat reference
estimations of burned area using a 5 × 5 km grid. The regression
coefficients provide a general indication of over- or under- esti-
mation of burned areas. A slope of one indicates that the output
products estimate exactly the same extent of burned areas as the
reference data; a slope of less than one indicates overestimation,
and greater than one is related to underestimation of burned areas.

Comparison with global fire products
Selected global fire products currently available from various

satellite sensors, were used for comparing performance in detect-
ing and mapping burned areas at regional and sub-regional scale
against the outputs of our algorithm (Table 2). The complete time
series for each of the products described in Table 2 were incorpo-
rated into a GIS database.

In this work, MCD45A1 burned area and MOD14A1 active fire
products, and the SPOT VGT derived L3JRC products were used to
compare their performance with the results of our algorithm. For
the MODIS 8-day summaries active-fire-data (MOD14A1) all pixels
classified as fire-pixels were considered, whatever their confidence
level, because false detection sources, like industrial and urban
land-cover boundaries, sun-glint around coastlines, and volcanoes
(De Klerk, 2008; Giglio et al., 2006) are unlikely in the studied area.
For the monthly 500 m burned area product (MCD45A1) we consid-
ered all pixels classified as burned, not considering pixels flagged as

water, cloud, cloud shadow or snow. The L3JRC product is available
as annual composited 1-km gridded data in geographic coordinates,
with the Julian day of the first burned-area detection within a fire
year. For the L3JRC product, we considered all pixels classified as
fire-pixels.

Spatial-temporal attributes of burned areas
The results obtained by applying the algorithm were used to

characterize some basic attributes of the burned areas, which are
important characteristics to predict vegetation successional path-
ways and recovery patterns post-fire (Thonicke et al., 2001). We
estimated the total burned area, the fire size distribution, fire recur-
rence and mean fire return interval (FRI), which is the length of
time between fires at a specific point on the landscape. The later
was calculated following Forsyth and Van Wilgen (1998) equation:

FRI = y

(b/a)
(3)

where FRI is the fire return period in years, b is the area of all
fires recorded over y years and a is the area over which fires were
recorded.

Results and discussion

The burned area algorithm validation

A total of 1490, 5 × 5 km grid cells covering the validation
area (37,250 km2) were considered in the validation process. The
independently derived reference data indicates that 132 (8.85%)
grid-cells were affected by a total of 21 individual wildfires in dif-
ferent proportions. The outputs of the burned area algorithm are
in a close agreement with the Landsat reference data; the over-
all regression slope between our results and the reference burned
areas perimeters was 0.99, with R2 equal to 0.96 (Fig. 8).

Error sources

Detection errors

(a) Omission errors:

Fig. 8. Scatter plot of the proportions of 5 × 5 km cells labelled as burned by the
burned area algorithm, plotted against the proportion labelled as burned by ref-
erence data. Each point is plotted with a gray shade to reflect point’s density. The
regression line is plotted as a solid black line, and smoothed 0.95 confidence interval
in gray. period.
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i) Low severity wildfires can produce minimal changes in dNBR
(Key and Benson, 2006), in fact fires would not be detected if
these changes were smaller than the dNBR threshold. However,
since only pixels with time-persistent NBR changes are chosen
as seed pixels in the second phase of the burned area algorithm
(see The burned area algorithm Section), relaxed dNBR thresh-
old values may be chosen without increasing false detection
rate, while keeping low omission errors.

ii) Rapid vegetation recovery in burned areas (regrowth occurring
in less than 48 days) would generate non-persistent changes
in the MODIS-derived NBR index, so those pixels would fail to
be marked as seeds. It is very unlikely to happen in semi-arid
Montes of the study area due to its climate and vegetation types.
This error type could affect burned area detection in biomes
where vegetation regrows quickly after a fire event. In these
cases, a reduction of the time span threshold should be evalu-
ated (e.g., from 48 days to 32 days).

iii) Errors in NBR images, due to instrument problems or clouds
could result in dNBR values outside the typical range (see Input
data set and pre-processing Section) which would prevent cor-
rect identification of seed areas. Our research shows this type of
errors occur in isolated pixels, thus medium-sized burned areas,
with several seed pixels should be detected, despite potential
errors in the satellite data.

(b) Commission errors:

i) The design of the burned area algorithm determines a low like-
lihood of commission errors. This type of error would occur if a
non-burned pixel shows a marked change in the NBR index value,
which should also be time-persistent (e.g., by at least 48 days).
In addition to a very unlikely repeated error in MODIS composite
images, we do not know another source of such behavior.

Mapping errors

(a) Omission errors:

i) Underestimation of burned areas could happen in areas where
fires have not been intensive, causing low severity burned (e.g.,
areas with low NBR values). Because the burned area algorithm
is designed to allow using “relaxed” growth thresholds, this type
of error can be controlled and decreased without an increase in
commission errors.

Table 3
Accuracy in detection of burned areas at regional scale of global products.

Product R2 Intercept Slope

L3JRC (VGT burned areas) 0.01 6.18 (slope = 0.06)
MOD14A2 (active fires) 0.25 5.09 (slope = 0.97)
MCD45A1 (burned areas) 0.05 7.57 (slope = 1.15)

(b) Commission errors:

i) Overestimation of burned areas could occur if a fire develops
adjacent to a previously burned area, provided the areas still
show low NBR values (i.e., recently burned, not fully recovered).
This phenomenon was not observed in the study area, and if it
happens it could easily be solved by a post-processing step in GIS
software.

Comparison with global fire product

The global fire products (L3JRC, MOD14A2, MCD45A1, see
Table 2) showed a poorer agreement with the reference data in
comparison with estimations from the burned area algorithm, as
evidenced by the low R2 values of the fitted regression models
(see Table 3 and Fig. 9). The analysis of the slopes of the regres-
sion models indicates the largest over-estimation of fire-affected
areas to occur when using the SPOT VEGETATION L3JR6 followed
by MOD14A2 (active fire). In contrast, the MOD45A1 (burned areas)
underestimates moderately the areal extent of burned areas. The
intercept of the regression models is relatively high (Table 3), indi-
cating that all the global fire products failed to detect small patches
of burned areas. It is worth noting the significant underestimation
of burned areas detection by MOD45A1; all the burned areas being
lesser than 60% compared to burned area detection by Landsat.

Global fire products have been validated in different regions of
the world with contrasting results (Table 4). A comparison between
the validation performed in this work and by other authors is useful
to detect and describe possible error sources. Tsela et al. (2010) vali-
dated MOD45A1 across different biomes in South Africa, and found
generally better agreement with reference data, with R2 ranging
between 0.38 and 0.86 and slopes between 0.48 and 0.92 depend-
ing on the vegetation type. These differences could be because this
validation was performed over a short period (4 months) on a sin-
gle fire season, and therefore may not have captured the full range
of patch sizes and fire behavior.

Fig. 9. Scatter plot of the proportions of 5 × 5 km cells labelled as burned by the (a) L3JRC (b) MOD14 (c) MOD45, plotted against the proportion labelled as burned by
reference data. Each point is plotted with a gray shade to reflect point’s density. The regression line is plotted as a solid black line, and smoothed 0.95 confidence interval in
gray.
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Fig. 10. Burned areas mapped by the burned area algorithm over the 2001–2011 period.

Hawbaker et al. (2008) found 82% of agreement between
MOD14A2 and reference data, with detection rates decreasing with
fire size. Furthermore, they pointed out that some large fires (over
2000 ha) occurring on shrubland were not detected. The authors
argue that it may be due to the darkening of the sensors because of
the smoke in the fire front, or a relatively low fuel load causing that
once the fire front passes, the burned area no longer emits enough
energy to be detected. This is particularly relevant in our area due
to the similarity in vegetation cover type.

Comparing MOD14A2 with MOD45A1 Roy et al. (2008) found
the active fire product detected larger burned areas than the MODIS
burned area product, in concordance with our results. Further-

more, Roy and Boschetti (2009) compared SPOT VEGETATION L3JRC
with MOD45A1 and found that the former underestimated much
of the burned area (only detected 14%), unlike our results; while
MOD45A1 moderately underestimated burned areas (75%, similar
to our results). The authors argued that global burned area prod-
ucts fail to meet accuracy requirements for local or regional scale
mapping.

These findings highlight that algorithm accuracy is dependent
on ecosystem type and size of burned areas to be detected; thus the
algorithms should be designed and validated considering the type
of coverage, and accounting for inter-seasonal variations to capture
a greater variability of fire size.

Table 4
Examples of global fire products validation and accuracy results.

Validated products Reference data Geographic region Accuracy Reference

MCD45A1 and the backup MODIS
burned area product (BMBAP)

Landsat burned-area South Africa R2:0.38–0.86 (MCD45A1), 0.49–0.88 (BMBAP),
depending on the vegetation type.

Tsela et al. (2010)

MOD14A1 and MYD14A1 Landsat burned-area United States Accuracy values: 73% (MYD14A1), 66%
(MOD14A1).

Hawbaker et al. (2008)

MCD45A1, MCD64A1, and a merged
product

Landsat burned-area South Africa Detection probabilities: 3.0–37.9% (MCD45A1,
fractions ≤50%), 12.0–89.2% (MCD64A1,
fractions >50%)

Roy et al. (2008)

L3JRC, GlobCarbon, and MOD45A1 Landsat burned-area Southern
Africa

Accuracy values: 14% (L3JRC), 60% (GlobCarbon),
75% (MOD45A1)

Roy and Boschetti (2009)
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Spatial-temporal attributes of burned areas

The burned area algorithm allowed us to detect 768 wildfires
during the 11 years analyzed (see Fig. 10). The total burned area
was computed as 47,330 km2, which represents 23.11% of the study
region. Most of the burned area was burnt by a few large fires; 95%
of the burned area (44,960 km2) was caused by only 18% of the
fires. Moreover, the 11 biggest fires burned almost 50% of the total
burned area. These large fires mostly occurred in the 2000/2001
season that was particularly dry in the region. On the other hand,
fires with sizes smaller than 100 km2 occurred with higher fre-
quency, about 45 annually. Although they represent about 80% of
the fire numbers, they accounted for only 20% of the burned area.

Regarding wildfires recurrence, the analysis indicates that most
of the burned areas were burned once over the 11 year period con-
sidered in this research, and only 3813 km 2 (or 1.57% of the total
area) burned twice. Furthermore only 160 km 2 (or 0.5% of the total
burned area) burned three times. The mean fire return interval
(analyzed years/total burned area/total area) was of 50.84 years.
Even though given the typical life cycles of the vegetation, is near
to the expected range for shrublands (20–50 years) to be resilient
to wildfires (Keeley, 1986); compared with other studies in simi-
lar areas, we found a slightly longer FRI. For example, Stein et al.
(2013) found a FRI of less than 35 years and Keeley (2005) found a
FRI between 10 and 20 years. These differences could be due to the
lesser influence of anthropogenic activities in our region.

If the global products analyzed were used to estimate burned
areas, they would lead to significant errors. Taking the burned
area algorithm outputs as reference (which would be valid as they
showed very good agreement with independent reference data on
the validation area), we found that the two MODIS fire products
underestimated burned area, mapping only 73% of the burned areas
in case of MCD45A1, and 50% in case of MOD14A2 product, while
L3JRC greatly overestimate the burned area by 254%.

Conclusions

The semi-desert biome is widely distributed on the earth’s sur-
face; the Köpens climate classification places estimates it covers a
tenth of the land surface (11.17%). The influence of climate change
on wildfires on this type of biome is difficult to predict; although
some authors have suggested that an increase of wildfires is very
likely to occur directly, due to an increase in climate variability and
as a consequence of warmer weather (IPCC, 1996), and indirectly
because fires may reduce local precipitation because fire-emitted
aerosols increase in the number of cloud condensation nuclei, pro-
ducing smaller cloud droplets that are less likely to fall as rain (IPCC,
1996). The latter predictions add significance to evaluation studies
as discussed in this paper. While global fire products MCD45A1,
MOD14A2 and L3JRC appear to deliver well results in ecosystems
at global scale, our research demonstrates significant limitations in
their ability to detect and map wildfires in semi-arid ecosystems.
The global fire related products did not show a good agreement
with reference data, which highlights the need for caution when
applying these global products at local or regional levels.

The locally-adaptive algorithm we developed using time series
of MODIS-derived NBR index outperformed all the global products
in mapping the extent and number of burned areas in a semi-arid
ecosystems at regional scale. The validation by linear regressions
between high resolution data and the burned area algorithm out-
puts, generated for 11 years of data, indicates that the algorithm
accurately maps burned areas (The burned area algorithm val-
idation Section). The developed algorithm is an improvement
on previous methods, mainly due to the possibility of keeping
relatively relaxed thresholds without compromising commission
errors. Since our algorithm uses freely accessible Terra and Aqua

MODIS products, it can provide inexpensive, more reliable and
salient information for decision-making on land management in
semi-arid environments (e.g., shrublands and rangelands). Our
findings have significant implications for the implementation of
reliable early warning monitoring systems at regional, sub-regional
and national scales. Even though we consider that due to its rela-
tive simplicity (e.g., few parameters) the algorithm might be easily
adapted to other biomes, further research is needed to test its per-
formance in other biomes and to evaluate its accuracy depending
on vegetation cover type. In this regard, we are currently work-
ing on implementing the burned area algorithm in southern South
America, over the 2000–2012 time period.

Our investigation suggest that for detecting burned areas in
other geographic regions using this algorithm the following steps
are needed prior to implementation: (1) determine the relative
inaccuracy of fire detection due to sensor properties (e.g., signal
to noise ratio) and scene variability, (2) adjust the algorithm with
regard to the NBR thresholds, (3) investigate the sensitivity of semi-
automated burned area detection to land cover and its properties,
the size and shape of burned areas, and confusion with other forms
of vegetation removal. Lastly, fire detection algorithms can improve
detection accuracy if the user community plays an active role in
defining fire product requirements, becoming actively involved in
product development, implementation, and validation efforts.
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