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ABSTRACT

Several studies have addressed the application of NOAA-
AVHRR channel 3 data to fire detection and mapping.
However, its low thermal sensitivity and high signal to
noise ratio make operational use of these data very com-
plex. This paper explores multitemporal analysis of Vege-
tation Indexes as an alternative method for mapping and
evaluation of large forest fires. Examples are presented for
fires affecting the Mediterranean coast of Spain in the
summer of 1991. Multitemporal registration of HRPT
(High Resolution Picture Transmission) images was per-
formed using both orbital and ground control point infor-
mation. Change detection techniques were applied to dis-
criminate burned land on single scenes, as well as on
maximum value composites (MVC). Accuracy was tested
using fire reports and a set of Landsat-TM images for the
largest fire. Agreement between our estimations and the
statistics provided by the Spanish forest service were up
to 97 % for large fires using single images and 94 % using
MVC.

1. INTRODUCTION

Fire detection and mapping from remote sensors has been
generally performed on middle infrared bands because
they are more sensitive to high temperature sources
(Robinson, 1991). Forest fires with a flame temperature of
900 K have emittances 5,153 greater than average land
cover in the middle infrared band (3.75 um). This radia-
tive contrast is much less clear in the thermal band
(11.9 pum), where forest fires of that temperature would
have only 38 times more emittance than healthy vegeta-
tion (Milne and Hall, 1992).

Experiences in using middle infrared sensors for fire detec-
tion and mapping include airborne scanners (Hirsch et al.,

1971; Matthews and Jessel, 1992), as well as satellite sys-
tems (e.g. Chuvieco and Martin, 1994a).

Most of the studies of forest fire mapping from AVHRR
images rely on the sensitivity of channel 3 data for detec-
ting fire events (e.g. Chuvieco and Martin, 1994a). In
other words, the burned area is estimated from the active
fires as detected by the middle infrared band. Usually, the
total burned area is obtained from extrapolation of that bur-
ning area over a period of time, considering average fire
duration (Setzer and Pereira, 1991b).

This method requires a fire to be active when the image is
acquired. It also assumes that channel 3 data have a good
accuracy for discriminating burning spots. Both require-
ments are often not fulfilled. Firstly, the frequency of
AVHRR acquisitions can be reduced by cloud coverage or
gaps in reception, making daily coverage unreliable.
Secondly, the thermal sensitivity of channel 3 is rather
poor, as the sensor is saturated at 320 K, and includes a
high level of noise (Robinson, 1991). In the case of Medi-
terranean forest, fire spots can be easily confused with
agricultural burns or even with bare soils, which frequently
reach the saturation temperature in the summer during the
afternoon pass (Belward, 1991). Discrimination from agri-
cultural fires could be partially achieved by choosing eve-
ning or night images, because this type of burning tends
to be done during daylight periods (Malingreau, 1990).
Fire active areas and bare soils are also discernible on
night images, as a result of the lower soil temperatures at
this time (Langaas, 1992).

On the other hand, low thermal sensitivity of AVHRR
channel 3 data may also create problems of overestimation
of the burned area. It should be noted that a pixel may be
saturated even if only a small proportion is actually occu-
pied by fire. In fact, fires with a temperature above 500 K,
even if they occupy less than 0.1 % of the pixel size, will
most likely reach pixel saturation temperatures (Kaufman
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et al., 1990). For this reason, a consistent tendency of
overestimation has been found when AVHRR channel 3
fire mapping estimations are compared with higher reso-
lution data, such as Landsat-MSS or TM. According to
several experiences in the Amazon basin, this overesti-
mation is in the order of 43 % (Setzer and Pereira, 1991a),
or 1.5 times the areal extent observed with Landsat-TM
(Pereira et al., 1991).

In spite of these problems, the use of AVHRR channel 3
data for fire detection and mapping has been successfully
tested in several studies. High accuracy for detecting large-
scale forest fires was found in a pilot study conducted in
Alberta. Overall, 46 percent of the total number of fires
were located with data obtained from AVHRR channel 3.
This accuracy increased to 80 % when only fires in cloud-
free images were considered. Precision reached 95 %,
when only medium to large fires (over 40 hectares) were
taken into account. Accuracy for small fires was limited,
10 to 12 %, although better results were reported if only
cloud-free areas were considered (up to 87 %; Flannigan
and Vonder Haar, 1986). In the Brazilian Amazonia, ana-
lysis of AVHRR channel 3 images for the summer season
of 1987 yielded a total estimation of 350,000 fires, cove-
ring as much as 200,000 sq km (Setzer and Pereira, 1991b).
These results were obtained from the extrapolation of
observed fires in 46 AVHRR images acquired from July
to October. Pixels with high temperatures in channel 3
were labelled as fires and these calculations were extra-
polated to cover the whole study period based on the ave-
rage duration of fires and their average size. Channel 3
images have also been used to monitor fire growth in the
case of large events (Chuvieco and Martin, 1994b).

In addition to the use of AVHRR imagery for fire detec-
tion and mapping, other sensors have also been shown to
be useful. These studies include the use of geostationary
data (Prins and Menzel, 1992), space photography (Her-
fert and Lulla, 1990), and DMSP (Defense Meteorologi-
cal Satellite Program) night images (Cahoon ez al., 1992).
Smoke emissions have also been monitored from the
MAPS (Measurement of Air Pollution from Satellites)
experiment on board the Space Shuttle (Watson et al.,
1990).

2. OBJECTIVES

As previously stated, most of the fire mapping projects
using AVHRR images have been based on channel 3 data.
We attempt to solve some of the problems reported with
the use of this channel by the multitemporal analysis of

NDVI (Normalized Difference Vegetation Index) images.
Our approach is based on measuring the consequences of
the fire, rather than detecting the fire itself.

Several studies have shown that spectral characteristics of
burned land sharply contrast with the response of healthy
vegetation. Burned land shows a severe decrease in near
infrared reflectance, as a consequence of leaf deterioration,
and an increase in red reflectance because of the lack of
pigment absorption (Tanaka et al., 1983; Chuvieco and
Congalton, 1988). Therefore, the NDVI values of burned
vegetation are much lower than for healthy plants, and
multitemporal analysis should clearly portray the impact
of fire. Some studies have proven this hypothesis, but
using low spatial resolution data i.e. GAC (Global Area
Coverage; Malingreau, 1984).

A secondary objective was to test the performance of
single NDVI versus maximum value composites (MVC).
Asis well known, MVC is a standard procedure to reduce
the effects of atmospheric and view-angle disturbances of
AVHRR data (Holben, 1986). However, precise registra-
tion of single images is required to map fire perimeter,
otherwise, mis-registration may make it difficult to locate
the borders of the burned land. As a consequence, MVC
might underestimate the affected area, by blurring the
contrast between healthy and scorched vegetation. In a
recent study conducted on the boreal forest of Alaska,
MVC images were successfully used for detecting the
number of fires, especially larger ones (89.5 % for fires
over 2,000 hectares), but they underestimated burned land
(60 % of the area reported by the Forest Service in the case
of fires over 2,000 hectares: Kasische et al., 1993).

3. METHODS

3.1. Study area

The previous objectives were pursued by analyzing a large
forest fire, referred to as Buifiols Fire, occurring on the
Mediterranean coast of Spain (figure 1) during the sum-
mer of 1991. This was one of the largest fires in Spain
within the last decade. It affected more than 18,000 hec-
tares of forest and shrub land.

The study area presents the typical characteristics of Medi-
terranean coastal mountains covered mainly by Pinus
Halepensis and various types of shrubs. Elevation ranges
from 0 to 1,200 meters and the topography is steep. Wea-
ther is influenced by the Mediterranean sea. Episodic and
very intense storms are common during the Fall which is



M. Pilar Martin et al.

: Mapping and evaluation of burned land from multitemporal analysis of AVHRR NDVI images 9

Figure 1 - Location of the study area

preceded by severe drought during the Summer season.
Fire danger is closely related to wind velocity and direc-
tion. The highest incidence is associated with the western
winds (continental and very dry). Human activities are
considered extremely important in terms of fire danger for
this area, because it is an important focus for tourism and
also because the agricultural land use of the area. In other
words, the threat of fire ignition can either originate from
human or natural causes.

Burfiol’s fire was ignited by lightning on the afternoon of
July 28. Two other human caused fires begun on July 30
(to the Southwest of the original nucleus), and on July 31
(to the North). Intense dry winds fuelled the spread of the
fire which lasted until August 4. Within the area covered
by the NOAA-AVHRR images, several other fires could
be identified within the study period, also as a conse-
quence of the intense drought and strong continental
winds.

3.2. Image acquisition and correction

In order to have enough data on the environmental condi-
tions from before and after the fire, all available HRPT
(High Resolution Picture Transmission) images from July
10 to August 10 were acquired from the Maspalomas
receiving station. Only NOAA-11 images were selected in
order to maintain coherent processing conditions throu-
ghout the series. Unfortunately, during these days cloud
coverage was unusually high, and as a result some images
were not suitable for analysis. Moreover, there was a gap
in the ESA archives between July 31 and the first days of
August.

Geometrical correction of AVHRR images was perfor-
med in two steps. Firstly, an elliptical orbital model (ori-

ginally developed by the Joint Research Center in Ispra
and now included in the AVHRR-ERDAS module) was
used. This program uses the Earth Location Points (ELP)
included on the tape to adjust the correction, by assigning
Mercator or Lambert projections to resampling. The Mer-
cator projection was selected to properly adjust the resul-
ting images to the Spanish UTM standard cartography.
Secondly, image-to-image correction was carried out in
order to reduce mis-

registrations between images. A set of 5 to 7 control points
were selected to perform this adjustment. Considering the
coarse pixel size of the AVHRR images only the main geo-
graphical features could be selected, such as dams, cities,
specific vegetation patterns and major river crossings. Fit-
ted equations were all linear because only minor adjust-
ments between images were required. Estimated errors
for the second correction were all less than 1 km. The
final projection resembled the UTM standard cartogra-
phy. As the images exceeded the size of a single UTM
zone, we extended the central zone (30) to the East in
order to maintain the pixel size throughout the image.

3.3. Generation of NDVI and MVC images

AVHRR images were ordered in raw format in order to
speed up the delivery process. Therefore, the DN values
had to be converted to reflectance for computing the
NDVI. As NDVI is a ratio between the infrared and red
reflectance, we eliminated all the constant terms of reflec-
tance calculations (such as K, 7 and the cosine of the
zenith angle), because they are invariant in the two bands.
As aresult, the final calculation of NDVI was done using
albedos (Che and Price, 1992):

L,/S, - L,/S,
NDVI= —— (1)
LstSs+ LafSq

where L, and L; are the radiances of AVHRR channels 2
and 1 (near infrared and red, respectively), and S, and S,
are solar irradiances at the top of the atmosphere in those
wavelengths. Conversion from the original digital values
to radiance was done using the calibration coefficients
provided by NOAA, which are also included in the ESA-
SHARP format (ESA, 1992):

L; = o;* (DN; — Of) 2)

where L; is the radiance for band i; ¢; is the calibration
coefficient for band i; DN;, the digital value recorded in



10 EARSeL ADVANCES IN REMOTE SENSING Vol. 4, No.3 - XII, 1995

the image for that band, and Of;, the deep space. For
NOAA-11,0;=0.612, 0, =0.411 (considering a monthly
degradation rate after the launching: Che and Price, 1992),
Of; and Of, = 40 (Holben et al., 1990), S; = 518.5 and
S, = 335.2 (Abel, 1990). Offsets and solar irradiance
values are the ones used by the ESA in the SHARP-2 for-
mat (ESA, 1992).

As it is well known, NDVI values ranges from -1 to +1.
Values greater than 0.2 refer to green vegetation. In order
to stretch the results to an eight bit range, NDVI values
were scaled using the following formula:

NDVI’ = (NDVI + 1) * 125 3)

Maximum NDVI composites were generated for seven
day periods. Considering the cloudy conditions on some
days during the time series, an average number of four
images were used to generate each MVC image.

3.4. Techniques for burned land mapping

Spatial and temporal profiles were obtained from the daily
NDVI and MVC images to study the decrease in NDVI
values caused by the fire (figures 2 and 3). We measured
reductions of 0.2 to 0.4 in NDVIs for the areas most affec-
ted by the fire. It should be pointed out that this spectral
contrast is gradually faded with vegetation recovery after the
fire, so burned land evaluation should be done with images
acquired as close as possible to the fire extinction date.

In this study, simple change detection techniques were
used to discriminate the burned area. A pixel by pixel dif-
ference of both single NDVI and MVC values was calcu-
lated. We selected the best NDVIimages (near to nadir and
cloud free) from before and after the fire in order to per-
form discrimination on the daily scenes. For the MVC, the
first (July 10 to 17) and the last (August 4 to 13) compo-
sites of the study series were selected.

To apply multitemporal differencing of NDVI values for
fire mapping, it is critical to avoid cloud contamination,
otherwise higher multitemporal decreases in NDVI might
be related to cloud cover instead of to actual vegetation
change. Cloud masking was accomplished using a ratio of
the radiances in channels 1 and 4. Clouds present high
radiances in the visible band and very low radiances in the
thermal channels, so the highest ratio values can most
probably be labelled as clouds. By visual screening, an
interval of ratio values was got as a threshold in every
image, and pixels within that range were set to 0, and the
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Figure 2 - Spatial profiles of NDVI values over the study area.
The dotted line refers to values before the fire. The continuous line
is taken from a MVC image after the fire
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Figure 3 - Temporal evolution of NDVI values for burned and
healthy pine and scrub land

remainder to 1. This cloud mask was multiplied by the
individual NDVT scenes for generating cloud free NDVI
images.

Afterwards, those areas with decreases in NDVI greater
than 0.2 were classified as burned land, in both MVC and
single day images. Those pixels were set to 1, while areas
with lower decreases were assigned a value of 0. During
the study period, several fires besides Bufiol's affected the
area included in the AVHRR window selected for this
project. As a consequence, to compare results of our dis-
crimination with official fire statistics, each fire had to be
labelled with a different number. In order to do this, conti-
guous areas of pixels classified as burned land were grou-
ped into unique categories using GIS clumping techniques.
In other words, each fire (as defined by a group of conti-
guous burned pixels) was labelled with a specific number.
A simple histogram of this clumped image made area esti-
mation for each individual fire possible. Figure 4 pre-
sents the final estimation of burned land using MVC and
single NDVI values. The same number of fires were iden-
tified with both procedures. Although so far we have
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considered Bufol’s fire as a single event, in fact the area
was affected by two different foci (Chiva, A, and Yatova,
B), which were at the end of the fire, only separated by
highway N-III, joining Madrid and Valencia. The other
fires in the study region affected a much smaller area.

3.5. Accuracy assessment

Accuracy assessment was performed using both burned
land statistics from fire reports and fire perimeters col-
lected by GPS techniques. Fire reports are routinely gene-
rated by the Spanish Forest Service (ICONA). They gene-
rally include an estimation of burned land, as well as the
species affected, but no information about the perimeter
is provided. In the case of the Bufiol’s fire, a more detai-
led study was carried out, and the burned land perimeter
was available on 1:50,000 scale maps. For the other fires
affecting the study area, accuracy was only assessed using
official statistics.

It should be pointed out that official statistics may also
include some errors, as they are generally based on rough
field estimations of burned land. Therefore, a more precise
comparison can be obtained from cross analysis of
AVHRR NDVI and higher resolution data, such as Land-
sat-TM imagery. Two Landsat-TM scenes from before
and after the fire were acquired. After registration of both
images, NDVI values were generated and burned area
maps were obtained using the same change detection tech-
nique previously described. Unfortunately, the first avai-
lable image after the fire was partially covered by clouds
in the Eastern part of the burned perimeter. Consequently,
we applied a cloud masking process to avoid errors in
area estimation. This cloud mask was also applied to the
AVHRR images in order to obtain a more precise assess-
ment. For overlaying TM and AVHRR images, the latter
was resampled to 30 x 30 meters.

4. RESULTS
4.1. Fire statistics

Table 1 presents the final estimation of burned land using
MVC and single NDVI values. In Buiiol’s fire, burned land
estimation with NDVI data is very close to the area mea-
sured by ICONA. The other fires in the study region affec-
ted a much smaller area, so we have grouped them into four
clusters. There were some problems in identifying the
specific fires in the official statistics of ICONA as fires
affecting several municipalities are identified by the one

in which the fire started. That is the case of the Carcagente
fire (D+E), where disagreement between fire estimation
and fire statistics is very high, most probably as a result
of inappropriate identification of fire reports. As a matter
of fact, fire report from fire authorities of the Autono-
mous region of Valencia estimated burned area in this fire
to be 2,550 hectares. Excluding this problem, agreement
between satellite estimation and fire statistics is within
+ 15 % for most fires.

Table 1 - Area evaluation of burned land according to
ICONA’s reports and NDVI multitemporal analysis (in hec-
tares)

FIRE Location ICONA MVC4- B/A Augd C/A

Estimation MVC1 (%) -Jull0 (%)

A) B)! (C)?

A+B  Buiiol 21,069 19,800 94 21,600 102
C Tabernes 1.077 1,300 120 1,400 130
D+E Carcagente* 667 2,900 434 3,000 - 450
F Luchente 3,841 3,600 94 3,600 94
G Villalonga 1,605 1,400 87 1,900 118

(1) Maximum Value Composites first and fourth
(2) Single images from July 10 and August 4.

(*) See text for explanation

Regarding the differences in performance between single
NDVI and MVC images for estimating burned land, for
most of the fires single NDVIs show better agreement
with official statistics. As we had hypothesized, the effect
of slight misregistrations between single scenes tends to
create a smoothing effect on the MVC images. As a conse-
quence, the sharp contrast between burned and healthy
vegetation is faded and multitemporal differences tend to
underestimate the affected area.

4.2. Burned area mapping

Figure 5 shows the burned land maps derived from
AVHRR imagery overlaid on the perimeter drawn by GPS
techniques and Landsat-TM imagery for the case of the
Buiiol fire. Again, it can be concluded that the estimation
from single NDVI images produces better results than
from MVC values. It is interesting to point out that the
ICONA fire perimeter included an area which was not
burned in Bufiol’s fire but by a previous fire, at the begin-
ning of July. This area is clearly portrayed in Landsat
images, because they discriminate not only burned area but
also loss of vegetation between the two images.
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Figure 4 - Fire mapping from decreases in NDVI. In the upper
row the MV C images from before and after the fire and the result-
ing estimation are portrayed. In the lower row single NDVI
images from before and after the fire, and the cartography obtai-
ned are shown

Figure 5 - The two images at the upper row were obtained by over-

laying the estimation of burned land from AVHRR imagery using
MVC and single NDVI values on the ICONA perimeter, while the
ones on the lower row have been obtained by overlaying those
estimations on the Landsat-TM derived perimeter

Area evaluation is also more precise with single NDVI than
MVC images. Spatial agreement between AVHRR images
and fire perimeter (as reported by ICONA) is 68.11 % for
single NDVIand 61.55 % for MVC. Both, AVHRR images
and fire perimeter show the same spatial pattern, with only
minor differences in the borders of the affected area. The
relationship with Landsat-TM is also stronger for single
NDVI (60.45 %) than for MVC images (55.38 %). In this
case, the disagreement between AVHRR and Landsat TM
are probably related to the greater sensitivity of the latter to
the discrimination of slightly burned vegetation or agricul-
tural bare soils within the fire perimeter, which are not iso-
lated in AVHRR images because of their coarse spatial
resolution. However, the agreement between Landsat and
NOAA estimations may have been improved if images for
the same dates would have been available.

5. CONCLUSIONS

This study has shown that simple techniques for multi-
temporal change detection of AVHRR NDVI images can
be accurately used for burned land estimation, specially
in the case of large fires. Single day NDVI values ren-
der better estimation than maximum value composites,
which tend to be more affected by misregistration. In
both cases cloud masking is critical for burned land esti-
mation, as reduction in NDVI values might otherwise be
associated with clouds instead of changes in vegetation
cover.

Future work will compare these simple change detection
techniques with more complex ones, such as principal
components, regression analysis or multitemporal classi-
fication.
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