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Abstract. A multi-temporal burn scar detection algorithm designed for global
application is described and demonstrated using 24-daily AVHRR images of an
area of savanna burning near the Okavango Delta, Southern Africa. The algorithm
is computationally simple, does not use ® xed thresholds except to detect saturated
AVHRR pixels, and incorporates a recent active-® re detection algorithm. The
algorithm provides the basis for operational burn scar monitoring using the
AVHRR and MODIS.

1. Introduction

The area burned by ® re is an important variable for estimating trace gas and
particulate emissions required for global change research (Scholes et al. 1996). Until
the launch of EOS sensors, such as the MODerate resolution Imaging Spectro-
radiometer (MODIS), the Advanced Very High Resolution Radiometer (AVHRR)
provides the major source of data of appropriate spatial and temporal resolution to
support global studies of biomass burning (Justice et al. 1993). Although a global
® re data set derived from AVHRR 1 km data now exists (IGBP 1997) it cannot be
used to infer reliably the area burned because burning may not occur at the time of
satellite overpass.

Burned areas are characterized by deposits of charcoal and ash, by the removal
of vegetation, and by the alteration of the vegetation structure. These changes are
amenable to remote sensing but vary temporally and spatially because the type of
vegetation that burns, the completeness of the burn, the post ® re evolution and
revegetation of the burned area and the rate of charcoal and ash dissipation by the
elements vary as a function of several biophysical and anthropogenic factors. The
utility of wide ® eld of view, polar orbiting sensors (e.g. AVHRR, MODIS) for burned
area mapping is reduced by changes in the eVective spatial resolution as a function
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of the sensing geometry (Wolfe et al. 1998 ), by variations in the sensor response
between consecutive orbits and across the image swath due to surface anisotropy
(Meyer et al. 1995), and by cloud, atmospheric, and smoke contamination (Pereira
1999 ).

A comprehensive review of burn scar detection techniques is found in Pereira
et al. (1997). With the exception of Barbosa et al. (1997) the authors are unaware
of an automated burned area mapping algorithm applicable at continental or global
scales. Barbosa et al. (1997 ) used a multi-temporal multi-threshold approach to
make continental burned area maps from 53 weeks of African AVHRR data. Burned
pixels were labelled as those where the surface temperature increased and a vegetation
index value decreased relative to statistical thresholds derived by examination of all
53 weeks of data. Eva and Lambin (1998) used a similar approach to label burned
ATSR pixels in Central Africa using thresholds derived from other remotely sensed
data. This letter describes a multi-temporal algorithm that uses a time series of burn
scar index data to compute a burn scar index change map. The change map is then
classi® ed using thresholds derived from the output of an active-® re detection
algorithm.

2. Approach

2.1. Burn scar index
A remotely sensed burn scar index that can discriminate between burned and

unburned surfaces and is expected to be insensitive to smoke aerosols is used. Recent
work using single date AVHRR data in Portugal has indicated that spectral vegeta-
tion indices that use the red (0.58± 0.68 mm) and near-infrared (0.725± 1.10 mm) chan-
nels give improved burned/unburned area discrimination when the red channel is
replaced by the re¯ ective component of the middle-infrared channel (3.55± 3.93 mm)
(Pereira 1999). In this study we use the VI3 index, originally proposed for studies
of dense dark vegetation and aerosol re¯ ectance, calculated as the near-infrared
minus the re¯ ective component of the middle-infrared divided by their sum (Kaufman
and Remer 1994). Another burn scar index more suited to the MODIS spectral
bands will be used for MODIS implementation of the algorithm

2.2. Burn scar index change map
A burn scar index change map is computed as the maximum minus the minimum

burn scar index value found for each co-located pixel in the diVerent orbits of data
sensed over a given period. Figure 1 illustrates how a pixel which burns at some
time during a ten day period will have a large burn scar index change value compared
to the previous and subsequent periods when the pixel is unburned and burned
respectively.

The period used to compute the change map is set at least equal to the satellite
repeat cycle to ensure that variations caused by angular changes in the sensing and
illumination geometry and surface re¯ ectance anisotropy are captured (Meyer et al.
1995 ). The nominal satellite repeat cycle for AVHRR is approximately 9 days and
for MODIS is 16 days which may cause a problem if the burned surface revegetates
over these periods. Overlapping consecutive periods are used to ensure that ® res
that occur between periods are captured. An additional day of data is included at
the end of each period that is also the ® rst day of the following period (® gure 1).
Large changes may be produced by highly re¯ ective (e.g. sunglint ), cloudy, corrupted
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Figure 1. Burn scar index change map values computed for a single hypothetical pixel over
three consecutive ten day periods. A ® re occurs on day 25. The burn scar index change
for the ® rst unburned period (days 11± 20) is a , for the second period (days 21± 30) is
b , and for the third burned period (days 31± 40) is c . Note that the algorithm is applied
to an additional unreported day of data at the end of each period.

and missing pixels. These are ¯ agged and are not used. Saturated middle-infrared
AVHRR pixels typically occur over surfaces with temperatures greater than 320ß K
and are ¯ agged for use by the classi® cation process.

2.3. Burn scar classi® cation
The burn scar index change map is classi® ed into burned and unburned pixels

by thresholding. Thresholds based upon biophysical understanding of the behaviour
of the burn scar index or derived empirically from another source of burned area
information may be used. These approaches, however, are di� cult to implement
operationally and are sensitive to the data quality. For global applications the only
adequate source of contemporaneous burned area information is that inferred from
the application of an active ® re detection algorithm.

An active-® re detection algorithm is applied to the diVerent orbits of satellite
data used to derive the burn scar index change map. The additional overlapping
day at the end of each period is not considered. The locations of all change map
pixels that were not saturated in the diVerent orbits and where a ® re was detected
with high con® dence are assumed to be burned. The values of the change map at
these locations are used to de® ne a statistical threshold to diVerentiate between
burned (high burn scar index change values) and unburned (low burn scar index
change values) pixels. For the results presented in this letter the mean and standard
deviations of these values were used to derive thresholds for ® ve classes (table 1).
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Table 1. Burn scar classi® cation thresholds.

Class Lower threshold Upper threshold

0 (unburned) 0 m+1 s

1 m+1 s m+2 s

2 m+2 s m+3 s

3 m+3 s m+4 s

4(burned) m+4 s none

Class assigned to a pixel if the burn scar index change value is greater than or equal to
the lower threshold and is less than the upper threshold. m and s correspond to the mean and
standard deviation of burned scar index change values found at the locations of all pixels that
were not saturated in the diVerent orbits and where a ® re was detected with high con® dence.

3. Data

Twenty-four daily (afternoon pass) NOAA-11 AVHRR 1.1 km images sensed
from 15 August to 15 September 1989 of an active burn near the Okavango Delta
were examined. The data were processed using the Path® nder II processing chain
which incorporates an improved calibration method and corrects for Rayleigh scat-
tering, ozone and water vapor absorption (El Saleous et al. forthcoming). Cloud
screening was performed using the method of Saunders and Kriebel (1988). The
re¯ ective component of the middle-infrared channel was computed using the method
of Roger and Vermote (1998 ). Pixels with middle-infrared channel brightness temper-
atures greater than 320ß K were considered to be saturated. Active ® res were detected
by application of a recent algorithm that uses a contextual method and the near-
infrared and thermal AVHRR channels (Giglio et al. forthcoming). The AVHRR
images were corregistered manually with no more than one pixel root mean
square error.

4. Results

Figures 2(a ) and (b ) show the normalised diVerence vegetation index (NDVI)
and the burn scar index respectively for 6 September. This day was selected for
illustrative purposes because it is cloud free and appears to show the spatial extent
of most of the burning that occurred over the 24 days. The smoke plumes evident
in the NDVI image are largely unseen in the burn scar index image which shows a
considerably stronger discrimination between the burned and unburned areas. The
Okavango Delta (north-west quadrant) appears bright in the burn scar index image
because it is highly vegetated and moist, whereas the burned areas to the northeast
and south of the delta are dark because of low post-burn moisture and vegetation
levels. Figures 2(c ) and (d ) show the output of the burn scar detection algorithm
applied to the ® rst twelve days and to the last twelve days of data respectively. Five

Figure 2. An area of savanna burning near the Okavango Delta, Botswana, Southern Africa.
The area illustrated corresponds to 360 by 360 NOAA-11 AVHRR 1.1 km pixels.
(a) Normalised diVerence vegetation index image sensed on 6 September 1989. (b) Burn
scar index image sensed on 6 September 1989. (c) Burn scar detection results for the
® rst twelve days of the 24-day sequence. Shading corresponding to table 1 classes:
black= unburned (class 0) and white= burned (class 4). (d ) Burn scar detection results
for the last twelve days of the 24-day sequence. Shading corresponding to table 1
classes: black= unburned (class 0) and white= burned (class 4).
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(a)

(b)
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(d)
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burn classes are shown which correspond approximately to the likelihood of burning
(table 1). Generally, a strong spatial correspondence is observed between the burn
scar detection results and the burned area seen in the NDVI and burn scar index
images. It is suspected that some of the isolated pixels labeled as burned, including
those along the edges of the Okavango Delta, are mislabelled because of AVHRR
data processing problems which include data misregistration and inaccurate cloud
detection.

5. Conclusion

A burn scar detection algorithm has been described that is based upon threshold-
ing relative temporal changes in a burn scar index using the output of an active-® re
detection algorithm. The area burned over a period at least equal to the satellite
repeat cycle is mapped without iterative spatial or temporal searches and without
using ® xed thresholds except to detect saturated AVHRR pixels. The algorithm may
be adapted to incorporate biophysically based thresholds and empirical thresholds
derived from other sources of burned area information. Further work is required to
investigate the spatial extent over which thresholds can be meaningfully applied
because of sensitivity to the land cover and its properties and to the proportions of
the pixels that are burned. Work is being performed to validate the algorithm
quantitatively in diVerent ® re regimes around the world. The sensitivity of the
algorithm to data misregistration and the subsequent impact upon burned area
estimates is being investigated.
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