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ABSTRACT 

Burning in savannas significantly impacts the physical 

environment and has recently been recognized for the 

significant role it could play in climate change by 

releasing large amounts of greenhouse gases (Menaut et al., 

1991). This is particularly true for West African savannas 

which cover approximately 3 x 106 km2
, one of the largest 

contiguous extents of savannas in the world. Recently it 

has been suggested that 2.4 - 4.2 gt C (gigatons of carbon) 

are released by savanna burning annually (Hall and Scurlock, 

1990). Even with this impact our knowledge of tropical 

vegetation systems is limited (Sadar et aID, 1990). One 

method of monitoring vegetation over large regions is using 

satellite remote sensing. The Advanced Very High Resolution 

Radiometer (AVHRR) is well suited for the task due to its 

high temporal resolution (daily), large area coverage (2700 

km swath width) and spectral channel availability (near

infrared band useful for monitoring vegetation). In this 

study AVHRR data for four burn seasons were analyzed to 

determine the origin, spread and extent of burning for The 

Gambia. The accuracy of the assessment was verified using 

coincident higher spatial resolution (30 m) Thematic Mapper 

(TM) data and field assessments. The burn extents 

calculated using a traditionally classified AVHRR image were 
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within 11% of those calculated by the TM. Further a linear 

mixture model was applied to the AVHRR imagery to determine 

if burn estimates could be improved. It was found that by 

thresholding mixture model results, derived using AVHRR 

bands 1, 2 and 3, acceptable burn estimates were produced. 

The mixture model estimates were consistently higher than 

the TM estimations, particularly for agricultural areas. 

Keywords: burn scars, AVHRR, mixture modelling, The Gambia. 
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1. INTRODUCTION 

1.1 Problem statement 

Uncontrolled burning in west Africa has a detrimental 

effect on forest, range, wildlife and soil resources. This 

is especially true in the Sudanean and Sahel ian zones of 

west Africa where burning occurs every year (Wagner, 1994). 

In countries such as The Gambia, where approximately 80% of 

the country's fuelwood requirements are met by its own 

forests and livestock grazing takes place primarily on open 

rangelands, uncontrolled burning has serious consequences 

(USAID/Banjul, 1993). Burning is not unknown to west Africa 

where historically fire has been a prominent feature on the 

landscape due to alternating humid and dry weather, 

lightning strikes, and fuel (grasses) providing the 

necessary ingredients for range burning (Komarek, 1972). 

Although much of the current burning in West Africa is 

attributed to local populations, pollen and fulgurite 

studies infer that savanna burning antedated the appearance 

of humans and has been relatively continuous since the 

Eocene (Germeraad et al., 1968 and Rose-Innes, 1972). In 

addition to the detrimental effects bush fires have on 

natural resources, biomass burning in tropical savannas is 

now being recognized for the major role it may play in 



climate change by releasing large volumes of greenhouse 

gasses into the atmosphere (Crutzen and Andreae, 1990). 
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Even with the long record of fire in West Africa the 

extent of burning in this region remains relatively unknown. 

Low population densities, few monitoring stations and years 

of "accepting" burn events have all contributed to a lack of 

burn data. In The Gambia annual burn estimates have ranged 

from 30% - 90% (USAID/Banjul, 1993). Due to the variability 

of these estimates, and to support regional natural resource 

projects and global carbon modelling, a method for 

accurately monitoring burn activity over large areas must be 

developed. 

Satellite remote sensing has been an effective tool for 

monitoring the natural environment for over 20 years and the 

Advanced Very High Resolution Radiometer (AVHRR), although 

initially designed for weather analysis, has proven its 

effectiveness monitoring terrestrial features. The benefit 

of AVHRR is its large areal coverage, frequent repeat cycle 

and low cost (Roller and Colwell 1986). To date AVHRR has 

been incorporated into a number of burn studies, mostly in 

the developed countries. Increasingly AVHRR imagery is 

being archived for remote areas, such as West Africa, and as 

these archives are built the ability to analyze single 

events, or temporal phenomenon, is improving. 
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One problem with AVHRR imagery is its relatively large 

pixel size, 1.1 km x 1.1 km. This coarse spatial resolution 

severely limits its ability to precisely measure features, 

such as burn extent, using traditional image classification 

techniques. Traditional classification of satellite data 

assigns only one class to each pixel when in actuality each 

pixel is composed of multiple scene features. One technique 

that has been used to determine proportions within a single 

pixel is mixture modelling. First attempts at applying 

mixture modelling to satellite (Landsat) data came in the 

early 1970s (Horowitz et al., 1971), with the first 

significant application coming in 1976 when Work and Gilmer 

(1976) used the technique to successfully inventory prairie 

ponds and lakes in North Dakota (Work and Gilmer, 1976). 

Work and Gilmer recorded significant decreases in error by 

more accurately interpreting the edges of water bodies and 

identifying ponds and lakes significantly smaller in size 

than one image pixel. Since the 1970s mixture modelling has 

been applied to a number of studies including 

differentiating crops (Quarmby et al., 1992), validating 

forest cover (Iverson et al., 1989) and analyzing rock and 

soil types (Adams et al., 1986). Only recently has mixture 

modelling been applied to AVHRR imagery. 
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1.2 Research Objectives 

The objective of this dissertation was to determine if 

AVHRR data could be used to identify and estimate burn scars 

in The Gambia. By applying remote sensing and geographic 

information systems (GIS) techniques the origin, spread and 

extent of fires could be mapped and integrated into natural 

resource programs and governmental policy. Initially a 

traditional classification method, assigning one class per 

pixel, was applied to a series of AVHRR scenes to map four 

burn seasons, from 1988/89 to 1991/92, and report burn scar 

extent by governmental units, districts and divisions, and 

by vegetation type. While traditionally classified AVHRR 

data has been used to assess burning in other locations, it 

had never been applied to The Gambia. 

Further, the application of a mixture model to the AVHRR 

data was investigated to determine if burn scar estimates 

could be improved. Mixture modelling had not been applied 

to resolve burn scars previously. The accuracy of each 

technique was measured against higher resolution Thematic 

Mapper (TM) imagery to determine the accuracy of their 

estimations. 

1.3 overview 

This dissertation begins with a literature review of 

topics pertinent to burning, the AVHRR and mixture 



modelling. Section 2. Background, 3. Image Classification 

and Mixture Modelling, and 4. AVHRR and Mixture Modelling 

establish the current state of knowledge in these areas. 
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The following two sections, 5. The Gambia and 6. Image 

Selection and Preparation, provide the background on the 

study area and detailed information on how the imagery was 

processed prior to classification. 

section 7. Mapping Burn Scars in The Gambia reviews the 

techniques and results of mapping four years of burning in 

The Gambia. Burn scars are presented visually in maps and 

in summary statistics indicating which vegetation classes 

are most susceptible to burning. section 8. Accuracy 

Assessment provides ground truth data collected in December 

1993 and a comparison of the AVHRR traditional 

classification to higher resolution TM imagery. section ~ 

Mixture Modelling to Estimate Burn Scars in The Gambia 

examines if linear mixture modelling can be used to improve 

the burn scar estimates generated by traditionally 

classified AVHRR imagery. 

The final section 10. Discussion and Conclusions 

provides an interpretation of the results and possible 

future directions. 
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2. BACKGROUND 

2.1 Burning in the Biosphere 

Burning in the biosphere significantly impacts global 

processes which in turn affect global climate (Chuvieco and 

Martin, 1994). Combustion from burning releases CO2 , CO, 

CH4 , CH3CI and other trace gasses into the atmosphere, which 

promote the heating of the atmosphere known as the 

'greenhouse effect' (Kaufman et al., 1992). Radiatively 

active gasses warm the atmosphere by allowing short wave 

solar radiation through, while absorbing and re-emitting 

outgoing long wave terrestrial radiation (Bolin et al., 

1986). During severe fire events the volume of emitted 

gasses rises dramatically, with CO concentrations over smoke 

plumes measuring upwards of 3,700 ppbv (parts per billion 

volume), over 50 times their average level (stearns et al., 

1989). Smoke emissions also contain reactive gasses, such 

as NOx and CH4 , which contribute to elevated levels of ozone 

and acid rain (Setzer and Pereira, 1991b). 

Emissions from burning not only alter atmospheric 

chemistry, but advance degradation of vegetation and soils 

(Cahoon et al., 1992). The partial or complete destruction 

of biomass hastens soil erosion by accelerating runoff 

processes and modifies the earth's radiation balance by 

increasing albedo. It is also understood that wildfires 
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pose a direct danger to the human population (Jijia et al., 

1989) (Figure 2.1). 

Gase0U8 
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landCovel' 
Change 

SoIl 
ErosIon 

Figure 2.1. Global implications of 
biomass burning (Chuvieco and Martin, 
1994) • 

2.2 Biomass Burning in The Tropics 

Biomass burning is especially widespread in the tropics 

where it is used to clear land for shifting cultivation, 

convert forest land to agricultural production and remove 

dry vegetation to provide higher yields (Crutzen and 

Andreae, 1990). Burning in tropical forests is of 

particular concern since these biomes contain nearly two-

thirds of the world's standing biomass and are the Earth's 

largest bank of species diversity (Whitmore, 1990). It has 
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been calculated that tropical biomass burning contributes 

1.8 - 4.7 gigatons of carbon (gt C) to the atmosphere each 

year (Table 2.1). This suggests, at least on the high end, 

Table 2.1. Summary of biomass burning in the tropics. 
Values are in gigatons of carbon year-1 (Crutzen and 
Andreae, 1990). 

Source or Activity Carbon Exposed Carbon Released 

Shifting agriculture 1.0 - 2.0 0.5 - 1.0 
Permanent deforestation 0.5 - 1.4 0.2 - 0.7 
Savanna fires 0.4 - 2.0 0.3 - 1.6 
Firewood 0.3 - 0.6 0.3 - 0.6 
Agricultural waste 0.5 - 0.8 0.5 - 0.8 

Total 2.7 - 6.8 1.8 - 4.7 

carbon emissions from fire events approach those from fossil 

fuel burning (6 gt C year-1
) • 

Our knowledge of tropical forests is limited and global 

estimations of tropical vegetation cover and carbon 

emissions vary considerably (Sader et al., 1990). For 

instance, Hall and Scurlock (1990) estimate savanna burning 

alone contributes 2.4 - 4.2 gigatons of carbon per year to 

the atmosphere, over double the estimate by Crutzen and 

Andreae. These contradictions derive from a number of 

factors including definition of biomass types, data 



collection methods, areal extent applied and extrapolation 

of fire data. 

2.3 Formulas for Computing Biomass Burned 

Many formulas for computing the amount of biomass 

burned have been proposed. A frequently used formula is 

(Seiler and Crutzen, 1980): 
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M=AxBxJlxa (2.1) 

where, 

A = area burned 
B = biomass loading 
Jl = fraction of biomass above ground 
a= fraction of above ground biomass burned 

Depending on the types of data available other formulas for 

calculating biomass burned have been employed (Robinson, 

1989). When information on areas burned, or wood usage, is 

available, as is often the case in industrial nations, 

biomass burned can be estimated by: 

area burned biomass biomass burned (2.2) 
----------- x ------- x --------------

year area total biomass 

or, 

wood burned (2.3) 
wood used x -----------

wood used 
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If data on area burned is derived from remote sensing, or 

field surveys biomass burned can be estimated by: 

area burned biomass biomass burned (2.4) 
total area x ----------- x ------- x --------------

total area area total biomass 

It should be realized that these formulas are basic in 

design and are often modified to suit particular situations, 

or to refine calculations. For example, to account for 

variations in the carbon stocks between vegetation types, 

proportionality constants may be imposed to differentiate 

between slash and burn agriculture used to clear forest, and 

those used to clear savannas. Even after applying these 

adjustments estimation errors from uncertainties and data 

bias' often remain and may compound as data are combined. 

Few of the figures used in current 'best estimates' are 

known better than ± 30% and some fractions such as biomass 

burned are no better than ± 50% (Robinson, 1989). These 

estimations must improve if carbon emissions from biomass 

burning are to be used in subsequent applications such as 

global carbon modelling. 

2.4 Burning and the Global Carbon Cycle 

The storage and transfer of carbon on the Earth is 

called the global carbon cycle (Figure 2.2). The major 
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Figure 2.2. The global carbon cycle (gt C) adapted from 
Schlesinger, 1991. 

pools of carbon are the ocean (38,000 gt C), atmosphere 

(720 gt C), global biomass (550 - 830 gt C) and fossil fuel 

reserves (6000 gt C). Net changes in fluxes between pools 

have been reported by the International Panel on Climate 

Change (IPCC) and are shown in Table 2.2. The estimates 

presented by the IPCC, derived from observational and model 

data, suggest a net imbalance of 1.6 gt C year-1 for the 

1980s. The current rate of increase in the atmospheric pool 

is less than half of that expected given the magnitude of 



Table 2.2. Global carbon fluxes (gt e), Houghton et aI, 
1990. 

Emissions from fossil fuel burning 
Emissions from deforestation and land use 
Accumulation in the atmosphere 
Uptake by the oceans 
Net imbalance 

5.4 ± 0.5 
1.6 ± 1.0 
3.4 ± 0.2 
2.0 ± 0.8 
1.6 ± 1.4 

the major sources and sinks (Adger and Brown, 1994). This 

suggests a 'missing' carbon sink of approximately 1 gt c. 

The missing sink has been hypothesized to be in 

forests, soils and the ocean (Tans et aI, 1990; sedjo, 

1992). sedjo (1992) argues that the temperate forests, 
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through afforestation programs and natural regeneration, are 

the most likely explanation for this anomaly and he is 

supported by recent Food and Agriculture Organization (FAO) 

assessments showing an increase in forested land in Europe 

of 1.9 million ha for 1980-1990 (Korotlov and Peck, 1993). 

These conclusions must be balanced however, in the context 

of the overall variability of natural carbon sources, caused 

mainly by uncertainties in tropical deforestation (Foody, 

1994 and Houghton et al., 1991). 

All of these unknowns indicate a definitive global 

carbon model is not imminent. The accuracy of future carbon 

loadings rests in part with improved data on global biomass 

and biomass burning. with new remote sensing techniques and 
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the next generation of satellite sensors some of these 

issues should be resolved. with better measurements should 

come better predictions. This is especially relevant if 

policy prescriptions concerning climate change and climate 

change impacts are to be implemented. 

2.5 Monitoring Fire Using the AVHRR 

Airborne remote sensing has been used in fire detection 

studies since the late sixties (Hirsh et al., 1971). with 

the introduction of the Landsat satellite in the early 

seventies fire related development continued and is now 

practiced using data from a number of different sensors, 

including the Advanced Very High Resolution Radiometer 

(AVHRR). The AVHRR is on board the NOAA series of 

satellites whose protoflight, TIROS-N, was launched in 

october 1978. Subsequent launches have been made everyone 

to two years with the latest successful launch in 1995. The 

configuration has changed to some degree since the series 

was initiated 18 years ago, but those alterations have been 

minimal. The basic characteristics of the AVHRR sensor used 

in this research (NOAA 9) are given in Table 2.3 (NOAA, 

1991). 

The advantages of using AVHRR imagery for burn studies 

are its frequent repeat cycle, its large area of coverage, 

10-bit resolution and its low cost (approximately $100.00 
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per image). The trade off is the relatively coarse spatial 

resolution, which limits its usefulness in studies requiring 

precise data measurements and its low number of spectral 

Table 2.3. Characteristics of the TIROS AVHRR Sensor NOAA 9. 

repeat cycle twice daily 
scan angle ± 55.4° 
ground resolution 1.1 km nadir 

2-4 km off angle along track (max) 
6-9 km off angle cross track (max) 

swath width 2700 km 
orbit altitude 850 km 
equatorial crossing NOAA 9 14:30 ascending 
radiometric res. 10-bit 
spectral channels channel 1, .58 - .68 Jl.m 

channel 2, .72 - 1.10 Jl.m 
channel 3, 3.55 - 3.93 Jl.m 
channel 4, 10.30 - 11.30 Jl.m 
channel 5, 11.50 - 12.50 p.m 

bands (5 bands). However, the AVHRR's five spectral bands, 

one red band, one near-infrared band and three thermal 

infrared bands, are useful in monitoring terrestrial 

features, especially vegetation. 

2.6 Burn Scar Response in the Visible Bands 

The spectral-temporal dynamics of a burned savanna 

woodland within bands similar to AVHRR bands 1 and 2 was 

investigated using a radiometer designed for vegetation 

studies (Frederiksen et al., 1990). The radiometric 
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measurements were carried out 35 km south of Tambacounda, 

senegal, on the eastern end of The Gambia and measurements 

were recorded one day before and 11 days after a burn event. 

The site was approximately 200 m x 100 m and 150 reflectance 

measurements were recorded each day, within two hours of 

noon, except on days of high varying cloud conditions, when 

no measurements were taken. The results of the field 

campaign are shown in Figure 2.3 and the NDVI derived from 

those measurements is shown in Figure 2.4. 
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Figure 2.3. Temporal dynamics of reflectance in channell 
and channel 2 for a burned grassland after fire occurrence. 
Values are given as daily mean and one standard deviation. 
Frederiksen et al., 1990. 
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Figure 2.4. Temporal dynamics of NDVI 
for a burned grassland after fire 
occurrence. Values given as daily mean 
and one standard deviation. Frederiksen 
et al., 1990. 

The relatively rapid increase in reflectance for band 
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1, band 2 and NDVI is a result of the change in surface 

components for the site; ash, bare soil and dry leaves. 

During the measuring period wind speed varied between 7 

m/sec and 15 m/sec removing considerable ash from the 

surface. Since reflectances in band 1 and band 2 are lower 

for ash than bare soil and dry leaves, the measurements 

increased accordingly. 

2.7 Using AVHRR Band 3 to Identify Fire 

The band most used to delineate fire and to generate 

fire maps is band 3, the thermal infrared band between 3.55 
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- 3.93 ~m (cuvieco and Martin, 1994). The basis for using 

band 3 is found in Wien's Displacement Law which identifies 

the wavelength at which the maximum amount of energy is 

radiated from a black body. 

wien's Displacement Law (Avery and Berlin, 1992): 

""ax = WIT 

where, 

W = 2,897 ~m * K (Wien's constant) 
T = absolute temperature (K) 

Given Wien's formula, the maximum spectral radiant 

(2.6) 

emmittance from the sun (6000 K) is at approximately 0.5 ~m, 

the maximum spectral radiant emmittance from the earth (300 

K) is approximately 10 ~m and the maximum spectral radiant 

emmittance from burning grass (800 K) is approximately 3.75 

~m, which is almost in the center of AVHRR band number 3 

(Langaas and Muirhead, 1988). This easily allows for 

discrimination between earth and fire temperatures, although 

in lower latitudes large areas of bare lightly colored soils 

can reach 50° C giving a response which may be 

misinterpreted as an active fire (Langaas and Muirhead, 

1988). 

since the AVHRR was originally designed for 

meteorological applications band 3 saturates at the 
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relatively low temperature of 3210 K (Matson and Holben, 

1987). A subpixel hotspot (fire) will cause saturation when 

hotspot radiance plus background radiance exceeds the 

maximum energy flux for the sensor. This suggests that a 

fire exceeding 5000 K occupying 1% - 10% of a pixel would 

saturate band 3 given a non-fire background of 300 K and no 

attenuation of signal by the atmosphere (Kennedy, 1993). 

saturation and bare soil temperature errors can be reduced 

by interpreting other AVHRR bands, monitoring fire signals 

temporally, or using land use maps (Lee and Tag, 1990). 

2.8 Accuracy of AVHRR Burn Estimations 

Leveraging off the characteristics of the AVHRR sensor 

and its response to terrestrial targets, studies in Spain 

(Lopez et al., 1991), Brazil (Kaufman et al., 1990), the 

united states (Jakubauskas et al., 1990), Senegal (Langaas, 

1992) and Australia (Paltridge and Barber, 1988) have been 

instrumental in verifying and adjusting burn estimations. 

Recent statistics from the Food and Agriculture Organization 

for an area in Brazil estimated that 54,280 hectares were 

burned in 1987 (Calabri and Ciesla, 1992). Research on the 

same area, using AVHRR data, estimated 200,000 hectares were 

burned, a 400% difference (Setzer and Pereira, 1991a). 

such a wide disparity of results is alarming and indicate 

the benefit of burn studies relying on satellite imagery. 



It may also indicate however, that there are certain 

cautions or limitations inherent in using AVHRR data for 

burn estimations. 
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The one characteristic that cannot be controlled in 

AVHRR image interpretation is its large pixel size. A study 

in West Africa compared the coarse scale 1.1 km x 1.1 pixels 

of AVHRR to the finer scale 30 m x 30 m pixels of Landsat TM 

for the same burn area (George et al., 1993). It was found 

that interpretation of the AVHRR imagery overestimated burn 

area by 32% within AVHRR pixels identified as burned and 

failed to identify burns within pixels where burn scar 

extent was minimal. Due to compensating errors, actual burn 

extent for the area was underestimated by 10%. These 

results make it difficult to categorically state actual burn 

extent derived from AVHRR imagery without undertaking 

intensive field investigation or calculating subpixel burn 

proportions. other errors in fire mapping may occur from 

off nadir view angles, sensor noise, cloud contamination, 

smoke interference and mis-registration of images. 
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3. IMAGE CLASSIFICATION AND MIXTURE MODELLING 

3.1 Image Classification 

Image classification is the process by which each pixel 

on an image is assigned to one specific class from a set 

number of classes (Jensen, 1986). These classes are then 

displayed in a thematic map which is used for interpretive 

purposes. Pixels are assigned to only one class due to the 

image objects, or components, being smaller than the 

instantaneous field of view of the sensor (Hallum, 1972). 

The problem with classification is that for many regions, or 

areas of interest, each pixel is comprised of a mixture of 

object categories and the classes overlap (Horowitz et al., 

1971; Kennington, 1984). Further, the thematic approach of 

analyzing data may not be appropriate for interpretation, as 

in some geologic investigations which focus on compositional 

data (Settle and Drake, 1993). A more suitable way to 

extract information from such scenes is to estimate the 

proportion of classes contained within each pixel, a process 

known as mixture modelling. 

3.2 Mixture Model Formulas 

The theory behind mixture modelling is simple, but the 

mathematical application is intrinsically more complex. The 

basic concept suggests that the total reflectance of a pixel 



34 

is a function of the proportion of each object within the 

pixel and their individual reflectances (Adams, 1989; 

Quarmby, 1992). Mathematically this is represented for two 

components by the following equation (Marsh et al., 1980) 

(3.1) 

where, 

Xi = mean spectral reflectance for component X in band i; 
Yi = mean spectral reflectance for component Y in band i; 
Mi = mean spectral reflectance for the mixed-pixel in 

band i; and 
Py = proportion of component Y in the mixed pixel. 

The vector notation can be written for multiple components 

(and closely resembles the proportion equation for two 

components) by (Quarmby, 1992) 

where, 

x = the signal from the pixel; 
e = the noise term; 

(3.2) 

f1 = the proportion of the pixel comprised of component 
1; 

u1 = the signal expected if the pixel was entirely 
composed of the first cover type; 

f2 = the proportion of the pixel comprised of component 
2; 

u2 = the signal expected if the pixel was entirely 
composed of the second cover type; 

fn = the proportion of the pixel comprised of component 
n, or the last component; and 

un = the signal expected if the pixel was entirely 
composed of the n, or last, cover type. 



This equation can be simplified for many components by the 

equation (Quarmby, 1992) 

Xi = l:fjMij + ei 

where, 

= the signal in the ith band; 

(3.3) 

= the proportion of the pixel's area covered by the 
jth cover type; 

= the coefficients of the component types; and 
= the noise term. 
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The resulting output from mixture modelling is 

therefore quantitative rather than thematic. The data does 

not show graphically where the individual classes fall, but 

assigns several labels along with their proportions to each 

pixel. 

Underlying the above equations are a number of 

assumptions (Hallum, 1972). Within the scene of interest 

the surface must be flat, there can be no surface source of 

illumination, the surface must be illuminated evenly, the 

spectrum of illumination must be known, the spectral 

signature of each component must be determined and there can 

be no fluorescence. Added to these assumptions (Settle and 

Drake, 1993) are the requirements that there can be no 

significant amount of multiple scattering between cover 

types and that each endmember, or component type, contribute 



to the scene only that signal characteristic of that cover 

type and its proportion. 

3.3 Mixture Modelling Techniques 
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Techniques for mixture modelling were developed in the 

early 1970s for Landsat imagery. The first models were 

based on weighted averages (Horowitz et al., 1971; 

Detchmendy and Pace, 1972; Hallum, 1972), but were mostly 

developmental in nature and not applied until the mid 1970s 

when Edgar A. Work and David S. Gilmer used the technique to 

inventory prairie ponds and lakes in North Dakota (Work and 

Gilmer, 1976). The essence of their technique can be 

described geometrically using three materials in two 

dimensional space, Figure 3.1. 

In the non-degenerate case the closed triangle is 

formed by the three pure signatures, or end members, A, B 

and C. Mixed pixels consisting of only the three identified 

endmembers would fall within this geometric figure. For 

example, point X is composed of equal amounts of A, Band C 

and falls in the center of the triangle. Point Z falls 

outside the triangle and is therefore only composed of 

endmembers A and C, or if it is determined that point Z is 

too far from the triangle, it may be identified as a 

different, unidentified component. 
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Figure 3.1. Geometric interpretation of 
means of signatures. Work and Gilmer, 
1976. 
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By using mixture modelling, Work and Gilmer were able to 

significantly decrease their error in identifying water 

bodies. The mixture model identified ponds and lakes that 

were significantly smaller than the image pixel size and 

identified border pixels on the water-land interface, which 

were missed in the original classification. 

other methods developed in the mid 1970s were performed 

by Wiegand et ale (1974) and Richardson et ale (1975) in 

conjunction with the Agricultural Research Service of the 

USDA (Marsh et al., 1980). They developed linear regression 

models for components of cropped fields from Landsat MSS 

data. They modeled reflectances of plants, soil and shadow 
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which were used to identify the proportions of those 

endmembers in an agricultural scene. These regression 

lines, with multiple correlation coefficients in each band, 

were statistically significant to the 0.01 probability 

level. 

Inherent in the weighted average and multiple 

regression line methods is the characterization of mixed 

pixels one spectral band at a time. This can be seen by 

relating the weighted average equation (equation 3.1) to a 

linear regression model. Rewriting equation 3.1 leads to 

the simple linear regression equation 

(3.4) 

Both methods, weighted average and linear regression, 

process each band separately. This leads to a dilemma in 

determining which band yields the most accurate results. In 

the late 1970s an approximate maximum likelihood (AML) 

technique was developed (Marsh et al. 1980) to combine the 

four Landsat MSS bands into a single variable for inquiry. 

The method incorporated discriminant analysis that 

transforms a mUltivariate set of measurements into a single 

discriminant value, which can be projected onto a linear 

discriminant line. This method has the benefit of 

eliminating the need to determine which spectral band is 
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superior and doesn't require training sets for mixed 

proportion elements. More importantly, the approximate 

maximum likelihood technique proved equivalent or superior 

to the weighted average and linear regression models and 

estimated proportions of component terrains within 6 percent 

of their actual area. 

3.4 New Advances 

By the mid 1980s to the early 1990s technology had 

greatly advanced both the number of spectral bands available 

and spatial resolution. In comparison to the Landsat MSS of 

the early 1970s, which provided four bands with 80 meter 

resolution, the current Landsat satellites include the 

Thematic Mapper with a total of seven bands and 30 meter 

resolution. The most dramatic advances in spectral and 

spatial resolution are epitomized by airborne imaging 

spectrometers (AIS) such as the Airborne Visible - Infrared 

Imaging Spectrometer (AVIRIS) with 224 bands and 20 meter 

resolution (Goetz et al., 1985). In comparison, the AVHRR 

with five spectral bands and 1.1 km resolution, would seem 

to benefit the most from technology such as mixture 

modelling. 
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4. AVHRR AND MIXTURE MODELLING 

4.1 Overview 

only recently have studies been undertaken to apply 

linear mixture modelling to AVHRR imagery for subpixel 

classification (Cross et al., 1991; Quarmby et al., 1992; 

Holben and Shimabukuro, 1993; Kerdiles and Grondona, 1994; 

Hlavka and Spanner, 1995). These studies have predominantly 

been used to estimate percent biomass with forest cover and 

crop type receiving the majority of attention. Methods vary 

by researcher with spectral band selection and endmember 

discrimination proving to be the two most critical 

activities. In almost all cases, mixture modelling proved 

superior to traditional AVHRR classifications with 

accuracies ranging between 63% to 98%. Accuracies were 

determined by comparing AVHRR mixture model percentages to 

coincident higher resolution satellite data, usually Landsat 

TM. 

4.2 Applying Mixture Modelling to AVHRR Forest Imagery 

Cross et al (1991) applied a linear mixture model to 

two areas of tropical forest, one in Ghana and one in Brazil 

(Rondonia). An empirical method was used to determine the 

critical forest cover per km2 needed for an AVHRR pixel to 

be classified as forest and it was found that the critical 
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value exceeded 50%, indicating a tendency of AVHRR to 

underestimate this class. End members for the mixture model 

were selected directly from the AVHRR scene aided by 

principal component analysis (Smith et al., 1985). The 

study used the first four channels of the AVHRR, including 

the thermal infrared channels 3 and 4. The thermal channels 

were included under the assumption that different cover 

types are thermally distinct and this is supported by 

Malingreau and Tucker's (1987) findings showing a strong 

inverse relationship between brightness temperature and 

vegetation index over alternating forest and non-forest 

cover. Forest percentages were calculated by using a 

traditional (maximum likelihood) AVHRR classification and 

the AVHRR mixture model. These results were then compared 

to a traditionally classified TM image, Table 4.1. 

Table 4.1. Estimates of forest cover within 
test areas (percent). Cross et al., 1991. 

TM (classification) 
AVHRR (classification) 
AVHRR (mixture model) 

Ghana 

42 
29 
47 

Rondonia 

73 
69 
69 

Using the TM classification as a reference, the traditional 

AVHRR classification underestimated forest cover, validating 

the recognized bias of AVHRR for this class. The AVHRR 
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mixture model provided an improved estimation of forest 

cover in Ghana (+8%) and no improvement in Rondonia. No 

improvement was found in Rondonia as a result of the already 

highly accurate estimate (95%) of the traditionally 

classified AVHRR scene due to the homogeneous cover found in 

that area. 

A similar study was conducted over areas of clearcuts, 

forests and forest regrowth in Oregon (Hlavka and Spanner, 

1995). The study area, on the western slope of the Oregon 

Cascade range, was principally Pseudotsuga menziesii 

(Douglas fir), Tsuga heterophylla (western hemlock), Thuja 

plicata (western red cedar) and Abies amabalis (pacific 

silver fir). Endmembers were extracted using finer 

resolution TM data as training pixels and the unmixing 

program was applied using two different band combinations. 

The first experiment followed Cross et ale (1991) using 

AVHRR channels 1-4. The second unmixing used only visible 

channels 1-2 without the thermal data. Both methods 

estimated the three land cover types to within 10% of a 

traditional TM classification, with regression analysis 

depicting the similarity in results, Table 4.2. This 

suggests that the thermal data do not contribute 

significantly to the accuracies of AVHRR mixture modelling 

for this forest type. 



In fact only the clearcut ~ndmember showed improved 

estimates with the thermal data (increased R2 by 5%), 

Table 4.2. Regression analysis of unmixing 
AVHRR bands 1-4 compared to AVHRR bands 1-2. 
After Hlavka and Spanner, 1995. 

Class 

Clearcut 
Forest 
Succession 

R2 band 1-4 

.63 

.56 

.45 

R2 band 1-2 

.58 

.56 

.43 
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while the forest class showed no improvement and the 

succession class showed a degradation (decreased R2 by 2%). 

4.3 Applying Mixture Modelling to AVHRR Crop Images 

Studies by Quarmby et ale (1992) and Kerdiles and 

Grondonia (1995) applied AVHRR mixture modelling to crop 

identification. Quarmby et ale attempted to differentiate 

four crop types, maize, wheat, rice and cotton, in northern 

Greece. The endmember signatures were developed temporally 

by monitoring crop signatures over nine different images 

spaced evenly over the growing season and AVHRR channels 1 

and 2 were input into the mixture model. The higher 

resolution (20 m) sensor SPOT, for Systeme Probatoire 

d'Observation de la Terre, was traditionally classified and 

used as a reference image. The study had varied results. 
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The percentage of wheat calculated by the AVHRR mixture 

model was accurate if the area was dominated by wheat, or if 

wheat was virtually absent. The rice and maize signals were 

often confused and showed the greatest variance with maize 

being identified accurately only 63 percent of the time. 

cotton was usually overestimated in cotton dominated regions 

while estimates fluctuated widely elsewhere. When all four 

crops were combined into one crop class accuracies rose to 

89%. Difficulties in extracting individual crop types was 

believed to be from poor endmember selection (temporal 

endmember signatures) and endmembers having little spectral 

separability. 

A crop study in the southern Pampa region of Argentina 

applied endmember signatures derived from one region to a 

separate similar region (Kerdiles and Grondona, 1995). 

Crops were combined into three cover types, winter crops 

(mostly wheat), summer crops (mostly sunflowers) and 

pastures. Endmembers were derived using a traditionally 

classified TM image and a shade endmember was included 

composed of non-crop spectra (clouds, water, urban areas and 

non-classified pixels). The AVHRR mixture model used AVHRR 

reflective channels 1 and 2 to estimate the crop types with 

the results in Table 4.3. When the endmember spectra were 

selected from Area 1 the estimates from Area 1 were superior 

to estimates from Area 2. When endmember spectra were 
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selected from Area 2 estimates were still superior for Area 

1. This indicates that factors other than the areas the 

endmembers were selected from are important in estimating 

Table 4.3. comparisons of estimations (percent) for a 
traditionally classified TM scene and AVHRR mixture model. 
From Kerdiles and Grondona (1995). 

Endmember Class TM Area 1 Area 2 
Selection Estimation Estimation Estimation 
Area 

Area 1 winter crops 25.3 25.4 28.4 
summer crops 15.0 16.4 18.0 
pastures 58.7 58.2 53.6 

Area 2 winter crops 26.0 24.2 28.2 
summer crops 13.4 14.5 16.1 
pastures 59.4 61.4 55.7 

biomass cover. It was concluded that Area 2 had less of 

each crop type, especially the summer crop type, than Area 

1. Therefore, the lower represented a class the poorer the 

estimation of its signature and the poorer the estimate of 

its coverage. 

4.4 Spectral Band Selection 

The selection of spectral bands for mixture modelling 

is minimal for AVHRR data. The AVHRR only has 5 bands, 2 

reflective and 3 emitted (thermal). The use of thermal 

bands is cautioned since they may not act in a linear 
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manner. This has not limited researchers from including 

them in their analysis and when they have been included they 

have not significantly affected the outcomes (Hlavka and 

Spanner, 1995). The inclusion of these bands may seem 

superfluous, but by including the thermal bands, more target 

classes may be chosen as the number of target classes is 

restricted by the number of spectral bands plus 1. 

4.5 Endmember Selection 

Endmember selection has proven to be by far the most 

critical step in mixture modelling. The assumption for 

selecting endmember spectra is that for each class, or 

'pure' land cover type, a site can be identified and its 

spectra used to define that component (Cross et al., 1991). 

The problem is that generally, and in particular for poorly 

represented endmembers, such AVHRR pixels do not exist. 

with its low resolution, 1.1 km x 1.1 km pixels, almost all 

of the AVHRR data has mixed signatures. For some 

applications, chemical and geological, this problem can be 

remedied by creating a signature reference library from pure 

samples. This is not possible for vegetative applications 

for the following reasons (Kerdiles and Grondona, 1995): 

1. Vegetation response is highly variable and signature 

libraries do not exist for all intrinsic parameters 



(canopy architecture, leaves' internal structure and 

pigment composition). 

2. External factors affect vegetation response such as 

underlying soil reflectance, climatic or nutritional 

stress and disease. 

3. Vegetation response varies with time and the growth 

cycle is not constant. 
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4. The AVHRR signal is highly influenced by outside 

factors (atmospheric effects, sensor degradation and 

calibration) that cannot be entirely removed or 

standardized on a routine basis, adding complexity to 

building a spectral library. 

vegetation endmembers are therefore best discriminated 

directly from the image. In cases where individual 

vegetation types cannot be discriminated, higher resolution 

data can be interrogated to regress individual endmember 

spectra or 'group' signatures can be created. 

4.6 other considerations 

other influences to the accuracy of mixture modelling 

are inherent in satellite image processing. The higher 

resolution data used to determine the accuracies of the 

mixture models were often variable within 10% of actual. 

These data are often combined to form one AVHRR class from 
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several smaller classes. other preprocessing routines such 

as calibration and correction algorithms, co-registration of 

AVHRR to higher resolution data and subpixel clouds 

introduce error into the model. Despite all of these 

sources for error, AVHRR mixture modelling estimates compare 

favorably to TM percentages, especially at the regional 

scale. 
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5. THE GAMBIA 

5.1 Country Overview 

The Gambia is a developing west African nation located 

between 13° - 14° north latitude and 13.5° - 17° west 

longitude. The country is entirely surrounded by Senegal 

except on the west coast where it borders the Atlantic 

Ocean. The Gambia is extremely narrow, less than 50 km 

wide, and surrounds the Gambia River on both sides for 

approximately 320 km inland, Figure 5.1. 

The river dominates life in The Gambia, providing water 

for agriculture and fishing while the mouth of the river 

supports an ocean port. There are relatively few exports 

from The Gambia, although fishing and groundnuts (peanuts) 

provide some cash earnings. Agriculture other than 

groundnuts provides the majority of product for domestic 

sUbsistence with imported rice making up the deficit. 

The population of The Gambia was reported to be more 

than 900,000 in 1993 with four main ethnic groups 

representing over 80% of the inhabitants, the Malinke (40%), 

Fulani (19%), Wolof (15%) and Oyola (10%). The Gambia 

gained independence in 1965 after being a British colony 

since 1843. In July 1994 the democratic government of The 

Gambia was overthrown in a military coup. A counter-coup 
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was attempted in November 1994 resulting in significant loss 

of life among military personnel. The situation remains 

unsettled (US Department of state, 1995). 
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5.2 Climate 

The Gambia is located in the Sahelo-Sudanean zone 

characterized by dry winters and wet summers. The seasonal 

pattern is a result of the latitudinal movement of the 

intertropical convergence zone (ITCZ), which lags the 

apparent movement of the sun by one month (Hutchinson, 

1985). The rainy season usually starts erratically with 

isolated showers in May and June building rapidly through 

July to a peak in August. Annual precipitation is 

approximately 900 mm in the east gradually increasing to 

1300 rom near the coast. The wet season is usually finished 

by September with the dry season lasting from October to 

April/May. Droughts are not isolated events, but have been 

part of a trend for at least thirty years, showing the 

variability of weather in this region (Nicholson, 1983). 

The Gambian mean daily temperature (MDT) is relatively 

stable year round with a MDT in January of 23° C and a MDT 

in May of 32° C. Temperatures are slightly cooler on the 

coast. 

5.3 Geomorphology 

The majority of The Gambia is derived from a sandstone 

formation, the continental Terminal, represented by highly 

weathered layers of mixed sandstone, gravel, clay, and iron 

pan. The continental Terminal is mostly dissected plateau 



with narrow valleys transitioning to scarp slopes and 

colluvial deposits towards the river. The river is 

surrounded by alluvial flats flooded each year after the 

summer rains. 

All soils in The Gambia offer low soil fertility with 

little organic matter. Soil textures are mostly sands, or 

loamy sands, with soil structures from hard to very hard. 

Soils located near the river may show the influence of 

saline waters especially during seasons of drought when 

river flow is reduced and sea water intrudes. 

5.4 Vegetation 
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The Gambia can be divided into various vegetative 

zones. A mapping project by South Dakota State University 

(SDSU) (1986) developed a combined physiographic and 

floristic approach based on the Yangambi system. The 

Yangambi system is based on an inter-African accord on the 

nomenclature of tropical vegetation types (Trochain, 1957). 

The physiognomic classifications are particular useful since 

they can be identified on remotely sensed data and 

interpreted by a wide variety of people without presupposing 

a high degree of taxonomic knowledge. This approach also 

allows the combining of land use and land cover 

classifications. Land cover describes the features present 

such as rivers, forest, savanna, open flats and maize 



fields, while land use describes the way humans use those 

areas such as recreation, forest parks, agriculture and 

rangeland (Lillesand and Kiefer, 1987). 
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The maps created by SDSU showed 18 land cover/land use 

classes. These classes were aggregated into five classes 

for this study, based on percent crown cover (ICITV, 1976) 

and they closely follow the vegetation classification 

currently in use by the Gambian-German Forestry Project, 

Table 5.1 and Figure 5.2. 

Class 1 includes areas with greater than 50% crown 

cover and is composed of gallery forests and woodlands. 

Gallery forests are dense woodland formations found along 

watercourses in savannas, steppe or prairie environments. 

Woodlands are generally open with small to medium deciduous 

trees and relatively contiguous canopies. The principle 

species of trees found in class 1 are Erythrophlaeum 

guineense, Pilostigma thonningii (Thonning's Piliostigma), 

Daniellia oliveri, Pterocarpus erinaceus (African rosewood), 

Elaeis guineensis (Oil Palm) and Khaya senegalensis (Ivory 

Coast mahogany). The understory is mainly composed of the 

shrubs Terminalia albida, Lannea velutina and Mitragyna 

inermis and the grasses Andropogon gayanus, Panicum spp. and 

Pennistum spp. Due to years of deforestation this class has 

a very limited extent and is found only in the southwestern 

portion of The Gambia. 
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Table 5.1. The five aggregated classes and their associated 
SOSU classes. 

CLASS 1 - Areas with greater than 50% crown cover 
Gallery Forest (G) 
Woodlands - western (F) 
Woodlands - riparian (Pf) 

CLASS 2 - Areas with 20% - 50% crown cover 
Savanna Woodlands (B) 
Savanna Woodlands (Pb) 
Savanna Woodlands/Woodlands Transition (BF) 
Riparian and Fringing Savanna 

Woodlands/Woodlands (BFv) 
Palm Groves - western (L) 

CLASS 3 - Areas with less than 20% crown cover 
Shrub and Tree Savanna - disturbed (VS) 
Shrub and Tree Savanna (Pvs) 
Grass Savanna (Pd) 
Herbaceous Steppe (Ps) 

CLASS 4 - Agriculture 
Current Agriculture (A) 
Swamp Rice (Ar) 
Plantations (0) 

CLASS 5 - other 
Mangroves (M) 
Barren Flat (T) 
Water (99) 

Class 2 is areas with 20% - 50% crown cover and is 

comprised of savanna woodlands, woodlands transition, 

riparian woodlands, fringing woodlands, and palm groves. 

The savanna woodlands and woodlands transition areas are 

usually found on uplands and upland slopes leading to 

drainages. The riparian woodlands are located on the 
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colluvial slopes between the upland and the flood plain. 

Palm groves are commonly found in large units in the east 

and sporadically in small strips or clusters inland. 
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The principle trees found in class 2 are Sterculia setigera, 

Lannea acida, Mitragyna inermis, Bombax constatum (cotton 

tree), Daniellia oliveri, and Borassus aethiopium (Dum 

Palm). The understory of shrubs is mainly Combretum 

nigricans, Ficus spp., and Acacia macrostachya, while the 

grasses are Andropogon gayanus, Pennisetum spp. and 

cymbopogon giganteus. 

Class 3 is areas with less than 20% crown cover and is 

composed of shrub and tree savanna, grass savanna, and 

herbaceous steppe. The shrub and tree savanna is savannas 

with scattered trees and shrubs. The grass savanna is a 

herbaceous formation of tall grasses measuring at least 80 

cm high by the end of the growing season. The herbaceous 

steppe is almost totally devoid of trees and shrubs and is 

dominated by grasses that do not reach 80 cm in height. The 

few trees and shrubs in this class are principally Mitragyna 

inermis, Acacia seyal (Thirsty thorn) and Combretum 

glutinosum. The grasses are Andropogon spp., Brachiaria 

fulva, Anadelphia afzeliana, Phragmites karka and Paspalum 

vaginatum. 

Class 4 is areas of current agriculture, swamp rice and 

plantations. Current agriculture is defined as areas 
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recently cropped where soil signatures are easily 

identifiable. This is especially apparent for ground nut 

where the fields are picked clean after harvest. The other 

popular crops are maize and sorghum. Swamp rice is rice 

irrigated by pump from The Gambia River and extends westward 

until the water becomes too saline for cUltivation. Trees, 

if any, found in agricultural tree savannas include Cordyla 

pinnata, Pterocarpus erinaceus (African rosewood) and Parkia 

biglobosa (Locust bean tree). Plantations trees are mainly 

Gmelina arborea, but there are only three plantations almost 

too small for mapping. Shrubs include Acacia macrostachya, 

Heeria insignis and Guiera senegalensis while grasses are 

Pennisetum pedicellatum, Pennisetum subangustum and Oryza 

sativa. 

Class 5 is a catch all of remaining areas that should 

not burn. Barren flats, mangroves and water are examples of 

the types of features found in this classification. 

5.5 Burn Season 

The burn season is closely associated with 

precipitation. After the last rains, usually in september 

and october, the savannas dry out rapidly. Lightning is 

responsible for occasional fires during this time period, 

but the greatest number of fires occur later due to human 

activities (Rose-Innes, 1972; Langaas, 1992). Fires started 
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in october and November, before the vegetation has 

completely dried out, are called early burn. These are low 

intensity fires that do not necessarily destroy the· entire 

plant, however they burn enough biomass so that the area 

will not burn again that year. The majority of fires in the 

Sudanean zone occur in the middle of the burn season from 

December and January (UNESCO/White, 1983). Kennedy et ale 

(1991) reported 136 probable fires for The Gambia and 3765 

probable fires for senegal during the time period December 

1, 1991 to February 29, 1992. 
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6. IMAGE SELECTION AND PREPARATION 

6.1 Image Selection 

The AVHRR images were selected based on two criteria. 

The first was to cover the burn/dry seasons in The Gambia 

for 1988-89 through 1991-92. The second criteria was to 

acquire a frequency of images allowing for the 

identification of the origin, spread and extent of burn 

scars for each individual burn season. An inventory of 

AVHRR images was requested from the National Oceanic and 

Atmospheric Administration's (NOAA's) National Environmental 

satellite, Data and Information Service (NESDIS), Eurimage, 

and the Centre de Suivi Ecologique (CSE). CSE, which has 

its own AVHRR receiving station in Dakar, has been archiving 

NOAA imagery of Senegal since 1990 and was able to provide 

two cloud free images per month from January 1990 to April 

1992. NESDIS and Eurimage reported only sporadic coverage 

of west Africa, however NESDIS was able to provide two 

images per month for the time period October 1988 to 

December 1989. The imagery from CSE only contained bands 1 

- 3 while the NESDIS images contained all 5 bands. 

After viewing the imagery it was found that burn scar 

duration was greater than one month. For savanna areas this 

is due to the burned grasses not regenerating until the next 

rainy season. The monthly NDVI's of five savanna pixels and 
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three forest pixels were monitored one month prior to 

burning and three months after burning. Their preburn, burn 

and postburn NOVI values are illustrated in Figure 6.1. 

NOVI RESPONSE IN THE GAMBIA 
PREBURN,BURN,POSTBURN 

1~·+-----~----------------------------------------~ 

1~1+---~~~------------------------------~~----~ 

115,+-----~~~--------------------------~--------~ 
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~ savannas and forest I 
Figure 6.1. Monthly NOVI for savannas and forests, 
burn season 1988-89. 

There is a dramatic decrease in NOVI values for forest and 

savanna from preburn to just after the burn event. Ouring 

the postburn months values increase slightly and then level 

off. Forest values increase again three months after the 

burn event probably due to living trees continuing to 

recover where savanna grasses do not. Given the duration 
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of the burn signatures and the quality of the images (some 

images still had intermittent cloud cover) it was decided to 

use one image per month, or eight images per burn season, to 

track burn scar progression. The dates selected for 

analysis are in Table 6.1. 

Table 6.1. Dates selected for burn scar analysis. 

Burn 1988189 1989190 1990191 1991192 
Season (YY/MM/DD) (YY/MM/DD) (YY/MM/DD) (YY/MM/DD) 

Dates 88/10/26 89/10/22 90/10/18 91/10/05 
88/11/26 89/11/29 90/11/06 91/11/01 
88/12/13 89/12/20 90/12/04 91/11/28 
89/01/03 90/01/06 91/01/18 91/12/24 
89/02/02 90/02/02 91/02/14 92/01/26 
89/02/21 90/02/24 91/03/04 92/02/20 
89/03/04 90/03/14 91/04/07 92/03/31 
89/04/02 90/04/20 91/04/25 92/04/28 

6.2 Data Calibration, Correction and Georectification 

Data collected by remote sensing system are influenced 

by instrument response characteristics, scene illumination, 

atmospheric conditions and viewing geometry (Lillesand and 

Kiefer, 1987). The three major steps used in resolving data 

collection errors are image correction, image calibration 

and image georectification. Image correction is the process 

of removing errors caused by sensor fluctuation and 

degradation, and from data acquisition and transmission (Di 

and Rundquist, 1994). Data calibration is converting the 



raw data, usually digital numbers (ON) collected by the 

sensor into meaningful physical measurements (e.g. 

temperature). Georectification changes the spatial 

coordinate system to offset distortions introduced during 

image acquisition, or to perform image-to-image, or image

to-map registration (Schowengerdt, 1983). 
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The AVHRR imagery acquired from CSE was in raw ONs, but 

had been processed into georectified 8-bit format. The AVHRR 

imagery acquired from NESOIS was in raw ONs, unrectified, 

10-bit format. Since burn signatures were readily apparent 

on the CSE imagery the NESOIS data were converted to 8-bit 

and georectified to match. A traditional classification was 

performed on all imagery to create the burn maps. 

For the subsequent mixture modelling analysis, the 

AVHRR data were left in 10-bit format to provide the maximum 

amount of discrimination, following which they were 

calibrated and corrected. Although it can be argued that 

image correction and calibration are unnecessary except for 

multi-temporal or comparative analysis, the correction and 

calibration algorithms were applied in this research to 

determine the benefit of calibration to burn scar estimation 

and to provide additional bands (temperature) as mixture 

model endmembers. The images were corrected, calibrated and 

georectified using the sequence from The center for Advanced 

Land Management Information Technologies (CALMIT). The 
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CALMIT sequence minimizes changes to the data by 

implementing data correction and calibration prior to data 

geo-rectification (Di and Rundquist, 1994). This method 

adjusts pixel values "as they were recorded" before 

resampling them, via rubber sheeting or polynomial fitting, 

into their correct geographic position. All image 

processing was performed using ERDAS version 7.5 image 

processing software on a Compaq personal computer. 

6.3 Reading the AVHRR Scan Line Headers 

Prior to applying any correction and calibration 

algorithms to the raw image values, information such as 

solar zenith angles, internal target temperatures and deep 

space values have to be retrieved from the AVHRR scan line 

headers. The scan line headers precede each line of an 

AVHRR image and are 448 bytes long. The format of the AVHRR 

local area coverage (LAC) scan line is found in Table 7.2 

(NESDIS, 1991). 

AVHRR data is released in 16-bit packed or 16-bit 

unpacked format. This data is actually lO-bit data packed 

into two 8-bit bytes. This is initially confusing and makes 

retrieving scan line header information difficult. The 



Table 6.2. Format of the AVHRR LAC scan line 

Byte # 
1-2 
3-8 
9-12 
13-52 
53 

54-104 
105-308 
309-448 
449-7400 

content 
scan line number 
time code 
quality indicators 
calibration coefficients 
number of meaningful zenith angles and 
Earth location points appended to scan 
solar zenith angles 
Earth location 
telemetry header 
LAC video data 
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following diagram depicts the AVHRR data packing format and 

is helpful in determining data locations. 

AVHRR data packing format 

0,0,1,1,1,1,1,1 1,1,1,1,2,2,2,2 2,2,2,2,2,2,3,3 3,3,3,3,3,3,3,3 

11st a-bit byte I 12nd a-bit byte I 13rd a-bit byte I 14th a-bit byte I 
1st la-bit byte 2nd la-bit byte 

o = 0 padding 
1 = first 10-bits of data 
2 = second 10-bits of data 
3 = third la-bits of data 

3rd la-bit byte 

Data were extracted from the scan line header using a 

pascal program (Pfirman, 1995). The data positions in the 

scan line header are identified in Appendix A. 
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6.4 Visible vs. Thermal Channels 

Image correction and calibration is performed on both 

the visible and thermal bands of the AVHRR. Since the 

visible bands record reflected energy and the thermal bands 

record emitted energy the correction equations are 

different. The visible bands are corrected for solar zenith 

angle, radiometric errors and atmospheric attenuation. The 

thermal bands are calibrated into brightness temperature and 

corrected for atmospheric influences. All bands are then 

geo-rectified into an appropriate coordinate system. 

6.5 Solar Zenith Angle Correction 

Because of the large scanning angle of the AVHRR (± 

55.4 degrees) the solar zenith angle varies significantly 

along one scan line. This large angular difference results 

in varying amounts of solar radiation being received by 

ground targets across the scene. This can result in 

significant spectral errors for the visible channels (Holben 

et al., 1990). A cosine correction factor was applied to 

remove these errors: 

DNa = ONe/Cos e (6.1) 

where, 

DNa = The digital number with solar zenith angle of 
o degrees 



66 

ONe = The digital number with solar zenith angle of e 
degrees 

cos e = The cosine of the zenith angle 

It should be noted that the area of The Gambia is less 

than 3 degrees in latitude. This results in a relatively 

small difference in solar zenith angle across the entire 

country and negates the benefit of applying a solar zenith 

angle correction factor. For the research area used in this 

study only one zenith correction factor was applied to each 

scene. The solar zenith angles applied were extracted from 

the AVHRR scan line headers. 

6.6 Radiometric correction - Visible 

The radiometric correction for the visible bands 

removes errors inherent in the system, called offset, and 

errors introduced into the system through degradation, 

called gain (Teillet et al., 1990). Offset can be measured 

prior to launch through testing, while gain is predicted 

through knowledge of the system, number of months since 

launch and periodic measurements of known terrestrial 

(oceans, deserts) targets (Kaufman and Holben, 1993). 

Monitoring of applied offset and gain corrections has shown 

radiometric errors to be within ± 10% (Che and price, 1992). 

Gain and offset were applied using an equation supplied by 

NASA: 
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R = (ON - Offset) / Gain (6.2) 

where, 

R 
ON 
Offset 
Gain 

= radiance 
= digital number 
= the static error introduced 
= the error introduced by the 

6.7 Atmospheric correction - Visible 

by the system 
system over time 

To compensate for atmospheric scattering an improved 

dark object subtraction technique was performed based on the 

spectral relationship between visible bands (Chavez, 1988). 

Water has little or no response in the infrared portion of 

the spectrum, therefore the assumption is that radiances 

measured in a pure water pixel originates from the 

atmosphere. By subtracting the lowest visible band values 

found in a pure water pixel, from all visible band pixels in 

an image, the radiance due to scattering by the atmosphere 

should be removed. It should be cautioned that this is a 

somewhat simplistic approach, and when applying this 

correction to a large area, such as those recorded by the 

AVHRR, the atmosphere is probably not homogeneous over the 

entire scene. For The Gambia water pixel values from the 

Atlantic Ocean were used for atmospheric correction. 

ONr = ON i - ONdb (6.3) 



where, 

DNr = radiance corrected for atmosphere 
DNi = the pixel values after radiometric correction 
DNdb = values from the pixel with the lowest value in 

that band 

6.8 Brightness Temperature Calibration - Thermal 

Thermal channel calibration converts the recorded DNs 

from the image into surface brightness temperature. The 

equations employed require the recorded DNs, a series of 

constants, internal target temperatures and deep space 

values. The conversion is a two step process, first 

calculating the energy measured by the sensor and then 

converting that energy into brightness temperature. The 

energy measured by the sensor is computed as a linear 

function of the input data values (NOAA, 1991). 
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(6.4) 

where, 

Ei = energy value in milliwatts/m2-steradians-cm-1 

S1 = scaled slope 
C = digital number 
Ii = intercept value 

The conversion from energy to brightness temperature 

was performed using the inverse of Planck's radiation 

equation (NOAA, 1991). 



where, 

Ts = 
E = 

the 
the 

surface temperature (K) 
energy value 
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(6.5) 

v 
C1 
C2 

= the 
= the 
= the 

central wave number of the channel filter 
constant 1.1910659 * 10-5 mW/ (m2 * sr * cm-4

) 

constant 1.438833 (cm * K) 

6.9 Atmospheric correction - Thermal 

Data obtained by thermal sensors on the AVHRR are 

affected by the intervening atmosphere. Research has 

provided atmospheric correction models by using radiation 

transfer theory, water absorption coefficients and data from 

two different thermal channels (Price, 1984). These models, 

known as split-window techniques, were tested for their 

utility over a tall grass prairie (Cooper and Asrar, 1989). 

It was found that the most consistent model was able to 

estimate surface temperature within ± 3.0°C at an 95% 

confidence level (McClain, 1983). The split window 

technique developed by McClain (1983) was used in this 

study. 

Tc(4,5) = 1.035(ch.4) + 3.046(ch.4-ch.5) - 10.784 (6.6) 

where, 

Tc 
ch.4 
ch.5 

= the atmospherically corrected surface temperature 
= calibrated surface temperature from ch.4 
= calibrated surface temperature from ch.5 



A worksheet for AVHRR image 88337 found in Appendix B 

illustrates the correction and calibration equations and 

sequence used for AVHRR images in this research. 

6.10 Image Georectification 
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Remotely sensed data usually contain geometric errors 

(Jensen, 1986). These errors are introduced due to the 

earth's rotation, orbital movements, altitude variation 

(roll, pitch, yaw) and topographic elevation differences 

(Avery and Berlin, 1992). These errors can be removed by 

georeferencing image pixels to a reference map or reference 

image. A reference image was provided by the Centre de 

Suivi Ecologique (CSE) in Dakar, Senegal in a universal 

Transverse Mercator (UTM) projection. Points were selected 

on the images to be rectified (source coordinates) and for 

their coincident points on the CSE reference image 

(reference coordinates). Twenty reference points, or ground 

control points (GCPs) were selected for The Gambia (Figure 

6.2). A polynomial equations was then calculated by 

computer to convert source coordinates to rectified 

coordinates. A second order transformation was performed 

which corrected for linear distortions (scale, skew, 

rotation) as well as non-linear distortions. A root mean 

square (RMS) error of less than one pixel was achieved for 

all images. 



GCP# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Control points Location 

Banjul 
Barra 
Doq.Island Point 
Solifur Point 
Kartunq (SW point) 
Mouth o:f Bandiala & Atlantic 
pte Jalcansa 
Mootah Point 
Confluence af Hjaien Bolon 
Bajiran 
SE Bend Grand Baa Bolon 
Krul Point 
Devil Paint 
Conf. Sofaniama Bolon' Gaabia R. 
cont. Nianija Bolon' Gambia R. 
S. Tip a:f Baboon Island 
Bansanq 
Conf. sanduqa Bolon' Gambia R. 
Fattatenda 
Fatoto 

Re:ference 
Coordinate 

40,54 
43,50 
48,63 
14,66 
18,93 
37,33 
27,17 
87,56 
92,38 
105,72 
136,34 
138,51 
145,51 
177,48 
191,31 
213,38 
250,56 
264,53 
312,54 
330,59 

Figure 6.2. Ground control points used to rectify AVHRR 
images of The Gambia. 
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7. BURN SCAR MAPPING IN THE GAMBIA 

7.1 Identifying burn scars using AVHRR imagery 

The burn scars for the 1988/89 through 1991/92 burn 

seasons were identified using ERDAS image processing 

software and a parallelepiped classifier. Each 8-bit image 

was read onto the image processing screen using a two 

standard deviation histogram stretch. This simple 

transformation increases the contrast of the image by 

removing extremely high and extremely low values and 

spreading the remaining values over the dynamic range of the 

display device (256 levels). It was found that by assigning 

AVHRR channel 1 to the blue band, AVHRR channel 2 to the 

green band and AVHRR channel 3 to the red band, the burn 

scars were prominently displayed. It should be noted that 

the thermal band is reversed in AVHRR imagery with cooler 

objects having a higher response than warmer objects. This 

was established so that clouds appear white in AVHRR scenes. 

The color assignments led to the following general target 

identification on the display screen in Table 7.1. 

Band assignments: 

band 1, red 
band 2, near-infrared 
band 3, thermal infrared 

blue 
green 
red 
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Table 7.1. Feature response on display screen. 

{near (thermal 
(red) infrared) infrared) 

feature blue green red display device 

vegetation low high high orange 
soil medium medium low blue-gray 
water low low high red 
burn scars low low low black 

The classification scheme was verified by matching 

identifiable features on the screen to their expected color 

response. The Atlantic Ocean and the Gambia River appeared 

as bright red, vegetation appeared as yellowish orange and 

soils were blue-gray. The burn scars appeared gray to black 

depending on the intensity and age of the burn event. 

As burn scars were readily identifiable a supervised 

training was performed on the data (Schowengerdt, 1983). A 

supervised training allows the analyst to closely control 

the selection of training pixels and is appropriate when the 

investigator has a knowledge of the data and the classes 

desired. 

The burn scar pixels are first identified in the scene 

and then digitized in the overlay plane of the display 

device. The number of training pixels identified depends on 

the number of burns in the scene and the analyst's 

experience. After the appropriate number of training pixels 

are identified they are written to a file. The signature 



manager function is then used to review the training pixel 

values and determining if there are any outliers, or 

conspicuously different signatures. When the analyst is 

satisfied·that the signature file represents the desired 

class the classification is performed. The parallelepiped 

classification algorithm was applied to all images in this 

study. 
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The parallelepiped classifier compares the upper and 

lower limit of all bands in the selected signature pixels to 

all pixels in the scene. The evaluation rule establishes 

that if a candidate pixel is within two standard deviations 

of the means of the bands in the signature pixels they are 

selected for that class. As each set of burn scar pixels 

was selected they were highlighted on the monitor allowing 

for confirmation that they were viable for the burn scar 

class. This process was iterative until all burn scars were 

identified. 

STEPS IN CLASSIFYING BURN SCARS: 

DIGITIZING -> WRITING -> SIGNATURE -> PARALLELEPIPED 
BURN SCAR PIXELS FILE MANAGER CLASSIFICATION 

1<--------<------ iteration <----------<--------1 
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7.2 signature Evaluation 

The surest way of determining classification accuracy 

is through ground truthing, that is, going to the study area 

and verifying features in the field. When study areas are 

remote, or data is historical, as in this research, that may 

not be possible. An alternative to ground truthing is 

validating the training pixels using a contingency matrix. 

A contingency matrix compares the training sets to the final 

classification. Since a two standard deviation from the 

mean threshold was input into the parallelepiped 

classification there is a chance that some training pixels 

will fall outside the burn scar class. By calculating the 

percentage of training pixels that fall within the 

classification a general measure of the distinctness of that 

class, from other classes in the image, can be made. The 

following table shows the number of training pixels used for 

each burn image versus the number of pixels included in the 

burn scar classification for the 1988/89 burn season. The 

percent of the training pixels used in the classification 

was calculated to determine the validity of training pixel 

selection, Table 7.2. 

The signature accuracy for the 1988/89 burn season was 

96%. Signatures for the other three burn seasons were also 

within limits with the 1989/90 burn season being 
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Table 7.2. contingency matrix for training pixels. 

# of training % of training 
# of training pixels class. pixels class. 

Image Date pixels as burned as burned 

26 Oct 1988 15 15 100 
26 Nov 1988 57 55 97 
13 Dec 1988 59 59 100 
03 Jan 1989 39 36 92 
02 Feb 1989 49 48 98 
21 Feb 1989 29 26 90 
04 Mar 1989 37 35 95 
02 Apr 1989 16 16 100 

Total 290 301 96 

94% (301/320), 1990/91 burn season 95% (245/257) and the 

1991/92 burn season 91% (290/320). The cumulative accuracy 

for all four burn seasons was 94% (1126/1198). It is 

interesting to note that the number of training pixels 

follows the relative number of burns during the burn season. 

Early in the season there are few burn scars while in the 

middle of the burn season, December-February, the number of 

burns increases, tapering off at the end of the burn season. 

7.3 Mapping Burn Scar Progression 

To map burn scar progression the burn scar maps 

classified in ERDAS were exported to Idrisi, a raster based 

GIS. A mask was applied to the images to display only those 

burn scars within the borders of The Gambia (initially the 
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classified images were 100 rows x 400 rows). These first 

burn scar maps of the season were then exported to ArcInfo, 

a vector-based GIS, to be plotted with an outline of the 

country, district boundaries, district names, titles and 

dates. The burn scars on these maps were identified in 

black and designated 'Recent Burn Scars'. The second burn 

map of the series was imported into ArcInfo and the same 

process was used to create a burn scar map, except that the 

burns from the first burn scar map were displayed with a 

hatched pattern and called 'Previous Burn Scars'. As each 

successive burn scar map was created all previous burn scars 

were added and identified with the hatched pattern. By 

looking at the sequence of maps for the burn season, the 

progression of burn scars becomes apparent. The last burn 

scar map of each season illustrates all previous burn scars 

and the most recent burn scars, which together depict the 

total burn scar extent for that season. The burn scar maps 

for the 1988/89 burn season are shown in Figure 7.1a and 

7.1b. The burn scar maps for burn seasons 1989/90, 1990/91 

and 1991/92 are in Appendix c. 

7.4 Burn Scar statistics 

statistics for each burn season were calculated by 

vegetation class and by district using the ArcInfo 

statistics programs. The final burn scar map for each 



78 ----,------,------,------,------,------,---
26 OCT 1988 I I I 

I I Ib:CcrIIy IsknI 

I 

-----~------~------~------~------~------~---

-----,------,------,------,------,------,---
26 NOV 1988 I 

I Ib:CcrIIy IsknI 

----~------~------~------~------~------~---

-----,------,------,------,------,------,---
13 DEC 1988 I I 

I Ib:CcrIrt IsknI 

-----~------~------~------~------~------~---

-----,------,------,------,------,------,----
3 JAN 1989 I: lhf.aIIy IsknI I I 

Previous am Scars 
I I I Division BOLIXby 

----~------~------~------~------~------~---

Figure 7.1a. Burn scar progression for the first half of the 
1988/89 burn season. 



-----,------,------,------,------,------,---
2 FEB 1989 I : lb:CG1Iy Ism! I 

-----~------~------~------~------~------~---

----,------,------,------,------,------,---
21 FEB 1989 I 

-----~------~------~------~------~------~---

----,------,------,------,------,------,---
4 MAR 1989 I I 

----~------~------~------~------~------~---

-----,------,------,------,------,------,---
2 APR 1989 I I I 

I I IixCcrIly Ism! 

• II Previous Blrn Sc(J'S 

WI Division BotnIcry 
----~------~------~------~------~------~---

Figure 7.1b. Burn scar progression for the second half of 
the 1988/89 burn season. 
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season was unioned with the aggregated vegetation class map 

described in section 6.1, and then unioned again with a 

district map of The Gambia. District level statistics were 

reported by vegetation type then compiled into division and 

country level statistics (Appendix D). A summary of country 

level statistics for the four burn seasons is reported in 

Table 7.3. 

Table 7.3. Area burned by vegetation class and burn season 
(hectares) 

Veg. Class 1 2 3 4 5 Total 
Crown Cover >50% 20-50% <20% Ag Other 
Total Area 23187 367396 263747 299086 88478 1041895 

1988/89 
Burned Area 5385 132260 52717 39881 4952 235197 
% Burned 23% 36% 20% 13% 6% 23% 

1989/90 
Burned Area 5974 208023 105633 101420 7651 428700 
% Burned 26% 57% 40% 34% 9% 41% 

1990/91 
Burned Area 2638 184956 80110 49741 5039 322485 
% Burned 11% 50% 30% 17% 6% 31% 

1991/92 
Burned Area 2133 178872 74018 51109 5068 311200 
% Burned 9% 49% 28% 17% 6% 30% 

Four Years 
Avg. Burned 4033 176278 78120 60538 5678 324396 
Avg. % Burned 17% 48% 30% 20% 6% 31% 
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A map showing the number of years each vegetation class 

burned, during the four seasons monitored, is shown in 

Figure 7.2. Burn scar statistics are reported in hectares. 

7.5 Discussion 

The Number of Years Burned map, when overlaid with a 

map of vegetation classes, produced some unexpected results. 

In the last decade increased biomass burning in Africa has 

been associated with augmented rates of burning in 

cultivated areas (Chuvieco and Martin, 1994). Given this 

information it was expected that agricultural burning would 

be prominent in The Gambia. Instead it was found the 

highest percentages of burning occurred in vegetation class 

2, crown cover from 20% - 50%. Agricultural areas were not 

identified as heavily burned nor were forested areas. This 

was explained during the field study when it was discovered 

the amount of stubble from actively cropped maize and 

sorghum is minimal. Further, the agricultural practice is 

to leave the fields fallow until the beginning of the next 

growing season, Summer, and then burn the residue. The 

peanut basin, in the northwest part of the country, is 

picked clean for forage after harvest and is incapable of 

burning. Forest areas do burn, but mostly the understory 

which is hidden from the satellite's view by tightly woven 

canopies. 
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Burn area by year was relatively uniform with burn 

seasons 1990/91 and 1991/92 being almost identical (Figure 

7.3). The lowest area burned was in burn season 1988/89 and 

the highest area burned was in burn season 1989/90. The 

cause of variance can not be determined from the current 

data, but integration with annual or seasonal precipitation 

data would be helpful in addressing whether the variability 

was due to climatic differences. The variability could also 

be explained by a low burn year leaving more fuel for the 

next season. 

Figure 7.4, percent of vegetation class burned by burn 

season, is different from Figure 7.3, area burned by 

vegetation class by burn season, in that it presents the 

area burned within land use class. By using the two graphs 

together the per cent of vegetation burned is better 

understood. For example, although over 20% of vegetation 

Class 1 was burned in 1988/89 and 1989/90, its contribution 

to total area burned was minimal. The low areal extent of 

Class 1 is verified on the Vegetation Classes map. For 

vegetation Class 2, crown cover from 20% - 50% the percent 

and area burned is high for all four years. This suggests 

that this class contributes the most to burn events. 

Vegetation Class 5 has low area burned and low percent 

burned as is expected of a class that consists of mangroves, 

barren flats and water; areas that should not burn. Burns 
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AREA BURNED BY VEG CLASS 
BY BURN SEASON 

(Hectares, 

Bum Season I 1988189 1989190 1990J91 1991192 
V etation Class 

VegClass 1 5385.12 5973.62 2838.38 2132.47 

VegClass2 132260.97 208022.56 184956.18 178871.77 

Veg Clasa 3 52717.33 105633.18 80110.31 74018.02 

VegClass4 39881.98 101419.67 49741.31 51109.47 

VegClasl5 4952.47 7651.01 5038.53 5068.29 

Figure 7.3. Area burned by vegetation class, by burn season. 
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Figure 7.4. % of vegetation class burned by burn season. 
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identified in this class are primarily from overlapping burn 

pixels from adjacent classes. 

A final graph was prepared of burn frequency by 

vegetation class and number of years burned (Figure 7.5). 

This identifies areas that burn repetitively year after 

year. The dynamic shown here is that 20% of vegetation 

class 2 burns consistently every year. Although vegetation 

class 1 and vegetation class 5 hav~ dramatic burn 

percentages for burning for one year, it should be 

remembered that these classes have a very small areal extent 

and are not as significant to burning in The Gambia. 
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8. ACCURACY ASSESSMENT 

8.1 Overview 

Accuracy assessments for the burn scar maps were 

performed by ground truthing and by comparison to higher 

resolution TM imagery. Ground truthing was accomplished by 

driving on the main road between Banjul and Georgetown, with 

frequent stops to identify vegetation and burn scars, and by 

flying over the same area to verify the extent and 

homogeneity of the vegetation classes. Although ground 

truthing was conducted in December 1993, one year after the 

burn scar maps were created, a visit to the Centre de Suivi 

Ecologique in Dakar provided a current (November 29, 1993) 

AVHRR image, which was classified and referenced to locate 

burn scars during the field assessments. 

Archived TM imagery was procured from the Gambian

German Forestry project in Fajara, The Gambia coincident 

with two AVHRR scenes. A subset with prominent burn scars 

was selected from each TM image and a classification was 

performed to identify burn scar extent. The higher 

resolution (30 m) TM burn scar estimates were compared to 

those identified on the coincident AVHRR images and an error 

matrix depicting errors of omission and commission was 

constructed. 
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8.2 Ground Survey 

The main objectives of the ground survey were to 

confirm the locations of the aggregated vegetation classes 

on the vegetation Classes map, to validate the burn scars 

identified from the AVHRR images and to investigate the lack 

of burning in agricultural areas. During the first two 

weeks in December 1993 a car and driver/guide were hired and 

the main road south of the Gambia River was followed from 

Banjul to Georgetown covering 200 km, or approximately two

thirds the length of the country. As different vegetation 

types were encountered their positions were identified by 

hand held GPS and matched to the Vegetation Classes map. 

The Vegetation Classes map was overlaid with a 30 minute 

grid of latitude and longitude and the locations of burn 

scars from the 11/29/93 CSE AVHRR image were transferred to 

their respective locations to aid in identification. All 

five aggregated vegetation classes, burn scars and an active 

fire were observed during the ground assessment. 

8.3 Vegetation Class Observations 

Class 1 - crown cover greater than 50% is found in 

small extents in the southwest. only a few Class 1 sites 

were visited and an example of a very dense canopy was 

photographed near the city of Brikama at coordinates 

13°16.92' N, 16°37.75' Wand is shown in Figure 8.1. 



Figure 8.1. Class 1 - crown cover greater than 
50%. 

Class 2 - crown cover between 20% - 50% was prevalent 

during the ground survey and was verified at multiple 

locations. Crown cover and prominent species varied both 

between and within locations generally depending on the 

distance to water. There was some concern about areas 

designated Forest Parks on The Gambia Government Map which 

were located in Class 2. These are actually areas where 

experimental fire suppression activities, usually plowed 

fire lines, were initiated to restrict the encroachment of 
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bush fires. These techniques have experienced some success 

particularly in the Brikama and si Kunda Forest Parks, but 

these forest parks should not be confused with forests as 

they are predominantly shrub and tree savanna found in 
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Class 2. An example of Class 2 was photographed at 

coordinates 13°38.85' N, 15°02.63' W. and is shown in Figure 

8.2. 

Figure 8.2. 
50%. 

- crown cover 

The borders between Class 2 and Class 3 were difficult 

to detect due to a general gradation of crown cover. A case 

could be made for assigning the borders of these areas to 

either class, but Class 3 - crown cover less than 20% is 

generally closer to the Gambia River and bolons 

(tributaries) and in these areas the reduction or absence of 

trees and shrubs is readily discernable. An example was 

photographed at coordinates 13°35.75' N, 15°01.68' Wand is 

shown in Figure 8.3. 
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Figure 8.3. Class 3 - crown cover less than 20%. 

Class 4 - agriculture can be divided into rice, 

maize/sorghum and ground nuts. Rice was under limited 

cUltivation near the river and in the west where residual 

pockets of water still existed. Rice areas out of 

production had very little biomass and were identified by 

geometric patterns in bare soil (Figure 8.4). Maize and 

sorghum signatures were somewhat more dynamic due to 

rotation practices, with lands near villages being 

continuously cropped, or cropped on alternate years. Areas 

farther from villages were cropped less frequently and if 

left fallow for extended periods began to return to 

shrub/tree savannas. Fields under production may not be 

burned until the beginning of the next rainy, or growing 
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Figure 8.4. 

season (SNRBARP, 1995), although one field was being burned 

in very small segments that would not be sensed by the 

AVHRR. The peanut basin, located in the North Bank Division 

in the northwest, was completely bare of vegetation as the 

agricultural practice is to pick the fields clean after 

harvest for forage. The farming practices for all crops 

allow little opportunity for burning and explain why 

agricultural lands were not identified as burned in the 

AVHRR classifications. 

Class 5 - Other includes areas that could not burn. 

The areas include the Gambia River, bolons, barren flats and 

mangroves. An aerial view shows the Bintang Bolon, a barren 

flat and mangroves at coordinates 13°14.77' N, 16°12.73' W 

(Figure 8.5). 



e 8.5. Class 
mangroves and barren 

All of the vegetation classes observed during the ground 

assessment matched their expected classes from the 

Vegetation Classes map. Ninety-three point samples were 

investigated and photographed, from which the pictures in 

this section were selected. Two 4 mile transects were 
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driven with samples taken every .2 miles, one north of 

Kalagi and one west of Georgetown. The vegetation classes 

in these transects also matched the vegetation Classes map. 

8.4 Burn Scar Observations 

Prior to the ground assessment, burn scars identified 

on the November 29, 1993 AVHRR image acquired from CSE were 

transferred to a vegetation Class map. Twelve recent burn 
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scars were identified with two being along the intended 

route of the ground survey. One burn scar was approximately 

15 km east of the village of Soma and the other was 

approximately 25 km west of Georgetown. As these burn scars 

were encountered their locations were verified using the 

GPS. In both areas 85% to 95% of the grass understory was 

burned along with lower leaves of shrubs and trees. The 

overstory was rarely burned and established woody vegetation 

incurred little serious damage indicating a low intensity 

burn event (Figure 8.6). This was confirmed when an active 

Burn scar in 
- 50%. 

- crown cover 

fire was encountered just outside of Georgetown at 

coordinates 13°32.90' N, 14°59.70' W that could have been 

extinguished with a rake, or shovel. After speaking with 



Dominique Reeb, Director of the Gambian-German Forest 

Project, it was explained that ,these slow moving fires of 
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low intensity are common during the first few months of the 

burn season when moisture is still present, and are called 

'early burns' (Figure 8.7). 

Figure 8.7. Early burn in Class 2 - crown cover 
between 20% - 50%. 

8.5 Overflight . 

On December 10, 1993 a flight was taken over The Gambia 

courtesy of CAE Aviation and the Gambian-German Forestry 

Project. CAE Aviation has a Grumman Islander aircraft based 

at Yundum International Airport, approximately 20 km south 

of Banjul, contracted by The Gambian government to monitor 

off shore fishing vessels and to provide aerial surveillance 
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capabilities to The Gambian-German Forestry Project (Figure 

8.8) • 

Figure 8.8. Grumman Islander used for aer 
surveying by the Gambian-German Forestry project. 

The aircraft is equipped with a Miletus aerial data 

management system integrating a camera, global positioning 

system (GPS) and a personal computer to provide real time 

moving maps and hard copy reports. The Miletus camera was 

inoperative during this survey, but a ground track was 

produced by the GPS and was overlaid on a map of The Gambia 

(Figure 8.9). A hand held 35 mm camera and a GPS from the 

Office of Arid Lands Studies were used to record the 

different vegetation classes and their locations. 

During the overflight, seven burn scars and two active 



Figure 8.9. Ground track of December 10, 1993 flight 
over The Gambia. 
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fires were identified. The fires were of low intensity, as 

observed during the ground survey, and in areas of dense 

crown cover could only be identified by smoke. The 

heterogeneous characteristics of class cover was verified 

during the flight and is exemplified in in Figure 8.10. 

Figure 8.10. Aerial view of Class 2. Note 
reduced crown cover in lower left portion of 
the photograph. 
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8.6 AVHRR to TM Burn Scar comparison 

TM imagery was provided for The Gambia by the Gambian

German Forestry project. The acquisition dates for the 

imagery were December 8, 1988, covering the center of The 

Gambia (Area 1) and December 1, 1988, covering the eastern 

portion of The Gambia (Area 2). A 1300 x 1300 pixel subset 

was extracted from each TM image where burn scars were 

prominent and to match coincident AVHRR imagery. The 

coincident AVHRR imagery was acquired on December 13, 1988 

(Area 1) and December 2, 1988 (Area 2) and was subset into 

39 x 39 pixel sections. The upper left coordinate for Area 

1 was 447000 m N, 1515000 m E and the upper left coordinate 

for Area 2 was 581500 m N, 1500500 m E, in UTM zone 28. 

Since TM pixels are 30 m x 30 m and the AVHRR pixels had 

been resampled to 1 km x 1 km cells the TM and AVHRR subsets 

represented the same area (Figure 8.11). 

Area 1 

UTK Zona 28 

I I 
fib 

Figure 8.11. Study areas. 

+ N , 
Area 2 
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The TM images were classified using an iterative self-

organizing data analysis technique (isodata) and 15 classes 

were established. In Area 1 five classes were identified as 

burn scars and in Area 2 two classes were identified as burn 

scars. within Areas these classes were combined and written 

to a GIS file as binary representations of burn scar area. 

The AVHRR burn scars were selected using the same techniques 

applied during the burn scar mapping. The binary 

representations of burn scars for Area 1 are in Figure 8.12 

and Figure 8.13 and the binary representations for Area 2 

are in Figure 8.14 and Figure 8.15. 

On visual examination there is good general agreement 

between the TM and AVHRR scenes. The location and pattern 

of burn areas is replicated on coincident images, even 

though the difference in pixel resolution is evident. The 

total area burned was calculated for the TM and AVHRR images 

with the results in Table 8.1. 

Table 8.1 Comparison of AVHRR and TM burn scar area. 

TM burns AVHRR burns AVHRR as a 
Location km2 km2 percent of TM 

Area 1 307 272 89% 
Area 2 227 233 103% 
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Figure 8.12. Area 1 - burn 
scars identified using AVHRR 
imagery. 
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Figure 8.13. Area 1 - burn 
scars identified using TM 
imagery. 
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Figure 8.14. Area 2 - burn 
scars identified using AVHRR 
imagery. 
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Figure 8.15. Area 2 - burn 
scars identified using TM 
imagery. 
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The agreement between the AVHRR and TM scenes was surprising 

given the different nature of their input characteristics 

and the obvious refinement produced from the TM image. To 

further investigate the differences between the images, 

confusion matrices were constructed. 

8.7 Confusion Matrices 

By using the TM classification as a control and 

overlaying the AVHRR classification, the differences 

in categories (burned and unburned) between the burn scar 

estimations can be studied. The results are displayed in a 

contingency table, or confusion matrix, providing 

information on errors of omission and commission (Lillesand 

and Kiefer, 1987). Errors of commission are areas the AVHRR 

analysis identified as burned, which are not burned and 

errors of omission are areas the AVHRR analysis did not 

identify as burned, which are burned. The binary 

representation of burn scars for the TM and AVHRR imagery 

were overlaid to graphically display the confusion matrix 

(Figure 8.16 and Figure 8.17). The white areas depict 

locations identified as unburned on both the TM and AVHRR 

imagery, the lightly dotted areas identify locations 

identified as burned on both the TM and AVHRR imagery, the 

heavily dotted areas identify locations the AVHRR identified 

as burned and the TM did not (errors of commission) and the 
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Figure 8.16. Area 1 - confusion 
graphic; white - unburned, 
lightly dotted - TM AVHRR 
burned, heavily dotted - errors 
of commission, black - errors of 
omission. 
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Table 8.2. Area 1 - confusion matrix (errors of omission 
and commission. 

known 
feature 

burned 

unburned 

TM area 
km2 

307 

1214 

percent 
correct 

41 

88 

A VHRR area in km2 

classified in category 
burned unburned 

125 182 

147 1067 



8.17. Area 2 -
graphic, white - unburned, 
lightly dotted - TM AVHRR 
burned, heavily dotted - errors 
of commission, black - errors of 
omission. 
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Table 8.3. Area 2 - confusion matrix (errors of omission 
and commission. 

AVHRR area in )an2 

known TM area percent classified in category 
feature )an2 correct burned unburned 

burned 227 51 117 130 

unburned 1294 90 116 1158 
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black areas identify locations the TM identified as burned 

and the AVHRR did not (errors of omission). The confusion 

matrices for Area 1 and Area 2 are shown below their graphic 

representations in Table 8.2 and 8.3. 

The percent agreement for burn scars between the TM 

imagery and the AVHRR imagery was 41% and 47% respectively 

for Area 1 and Area 2. Using these statistics alone the 

results appear poor, however the graphical representations 

provide important additional input to the discussion. In 

certain areas the AVHRR and TM scenes would overlay more 

accurately given a shift of one half to one AVHRR pixel in a 

given direction. During the rectification process all 

images were georectified to less than one pixel and 

resampled. The misalignment error introduced by this 

processes accounts for at least some of the disagreement 

between images. 



9. MIXTURE MODELLING TO ESTIMATE BURN SCARS 
IN THE GAMBIA 

9.1 The Mixture Model 

107 

A mixture model was applied to AVHRR images of The 

Gambia to assess its ability to identify burn scars in the 

Sudanean zone of West Africa. The mixture model was 

acquired from Dr. Erzsebet Merenyi from the University of 

Arizona's Lunar and Planetary Laboratory. Dr. Merenyi's 

version of the model is a modification of the 'unmix, timed, 

integer to integer, residual cube' ('umtiirc') program 

created at the University of Washington's Department of 

Geological Sciences and Department of statistics. umtiirc 

is a custom program which is distributed to interested 

researchers from the design team of Dr. John Adams, Dr. 

Milton smith and Dr. Antonio Possolo. No commercially 

'packaged' versions of mixture modelling are currently 

available to the general public, however enough interest has 

been generated that ERDAS and PCI, two commercial producers 

of image processing software have announced release dates 

for the near future. 

umtiirc requires an image file, unmixing parameters 

(umpar) file and individual endmember files for processing. 

The image file must be band sequential (BSQ) with no header 

or trailer information. The AVHRR images of The Gambia, 
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stored as ERDAS .lan files had to be subset into this 

configuration and then the bytes 'flipped' since AVHRR data 

is stored in 16-bit reversed format which was standard on 

early generation processors. The umpar file contains the 

dimensions of the image cube to be processed (number of 

rows, number of columns, number of bands) and the names and 

number of the endmember signature files. The endmember 

signature files contain the values for each band in the 

image representing 'pure' feature signatures. For instance, 

the endmember file for water from an AVHRR image would have 

5 values, one from each band that identified a pure water 

pixel. 

After the image file, umpar file and endmember 

signature files are loaded the umtiirc program attempts to 

unmix the pure signatures from the feature space. The 

results are output in binary files for each input band, each 

residual error band and total error. These files can be 

converted to image files for viewing. The displayed 

endmember files are scaled from 0 - 255 with the lowest 

percentage of the displayed feature at 0 and the highest 

percentage of a displayed feature at 255. Errors are 

represented in percent with a 'good' fit considered residual 

errors less than 1.5% per band and total error less than 5%. 
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9.2 Trial Processing 

The critical inputs to mixture modelling are the 

endmember spectra (Smith, 1985). For geologic applications 

endmember libraries exist for known spectra of rocks and 

minerals. For other features, such as biomass, spectral 

libraries are difficult to create due to the frequently 

changing signatures resulting from phenological and climatic 

conditions. without a spectral library, the approved method 

of signature selection is to 'hand pick' spectra from the 

image cube based on the researcher's knowledge of the area 

(Possolo, 1989 and Merenyi, 1994). Endmembers should be as 

different from each other as possible and ideally represent 

all major surface types in the image. Mathematically, the 

selected spectra should span the entire linear vector space 

of all spectra in the image cube. The endmembers selected 

for the initial run were chosen from the December 13, 1988 

AVHRR image. The image was processed uncalibrated as a cube 

400 rows x 100 columns. Endmember spectra were selected by 

averaging five different pixels for each feature type. The 

endmembers selected were burn scar, water, soil and 

vegetation (Table 9.1). The fraction images from the 

initial run are in Figure 9.1. 

The outcome of the initial run was positive as the 

model correctly identified the four features input into the 

model. The fraction image for water is brightest in the 
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Table 9.1. Average endmember values - uncalibrated 

Feature Band 1 Band 2 Band 3 Band 4 Band 5 

burn scar 114 131 60 260 197 
water 96 68 656 400 345 
soil 157 201 80 246 185 
vegetation 103 154 502 343 286 

Figure 9.1. Mosaic of fraction images. From top to bottom; 
water, vegetation, soil and burn scars. 
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Atlantic Ocean, the Gambia River and its tributaries. The 

vegetation fraction image was brightest in the southwest 

portion of the image where there is a majority of healthy 

green vegetation. The soil fraction image identified the 

peanut basin in the northwest where fields are picked clean 

and soil signatures are most visible. The burn scars in the 

bottom image of Figure 9.1 identify the patchy burn scar 

pattern as it descends from the northwest to the southwest 

and the familiar pattern of Area 2 burn scars can be seen in 

the bend of the Gambia River. 

The overall display of the fraction images has low 

contrast. This is to be expected for a·first run and 

indicates the spectral values selected for the endmember 

spectra are not 'pure'. A further indication is extremely 

bright areas. If an endmember underrepresents a feature, 

that feature will be overstated when it is found in high 

concentrations. This is most discernable on the vegetation 

and burn scar fraction images where bright areas were 

calculated at 194% and 231% respectively. These areas are 

good candidates for revised endmember selection in 

subsequent runs. Total errors were in excess of 30%. 

9.3 Refining the Mixture Model 

The uncalibrated image was run iteratively, adjusting 

the endmember sample, until the residual errors were 
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predominantly between 0% - 100%. The endmembers from the 

'best' run are in Table 9.2. 

Table 9.2. 'Best" endmember values - uncalibrated 

Feature Band 1 Band 2 Band 3 Band 4 Band 5 

burn scar 121 167 1 336 281 
water 112 72 653 394 339 
soil 161 205 93 264 200 
vegetation 93 193 547 361 304 

The most significant changes to endmember values were 

for the burn scar and vegetation signatures. The burn scar 

values were reduced in all bands and dramatically in thermal 

infrared channel 3. Since this channel is reversed a low 

value equates to a higher temperature. The vegetation 

signature was increased in the near-infrared, a good 

indicator for vegetation, and in thermal infrared channel 3 

indicating a cooler surface. 

The fraction image (Figure 9.2) displays the increase 

in signature suitability by showing a sharper image with 

increased contrast. Feature percentages were more accurate 

with the ocean values between 90% - 100% (all ocean values 

are not 100% due to suspended sediment, turbulence and 

residual error) and vegetation values in the southwest 
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Figure 9.2. Mosaic of 'best' fraction images. From top to 
bottom; water, vegetation, soil and burn scars. 

between 40% - 60%, which matches Class 2 - crown cover 

between 20% - 50% that is predominant in this region. Burn 

scar percent was 60% - 100% in the bright areas and 20% -

30% in less bright areas. 
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This initially seemed a excellent fit, however closer 

inspection of Area 1 and Area 2, where burn scar extent was 

known, proved otherwise. Burn scars in these areas were 

calculated at 20% - 30% burned, however so were areas of 

soil outside the burn scars. A reading of the error and 

burn scar residual images verified that little separability 

between soil and burn scar was achieved with an overall 

error of 7% of which 5% was from the burn scar fraction. 

The error image highlights the burn areas where most of the 

error is present (Figure 9.3). A subset of the burn scar 

fraction image, for Area 1, shows the poor separability 

between soil and burn scar (Figure 9.4). 

Figure 9.3. Error image depicting error in burn scar areas. 

The uncalibrated imagery was next subjected to mixture 

modelling using various band combinations; visible bands 

only (band 1 and 2), visible bands plus the thermal infrared 



Figure 9.4. Area 1 burn scar fraction image with poor 
separability between soil and burn scars. 

band (band 1, 2 and 3) and visible bands plus the thermal 

band 4 (band 1, 2, and 4). Given the constraints of the 

115 

mixture model the number of endmembers could not exceed the 

number of bands in the image. When endmembers were 

restricted the first endmember removed was water, followed 

by vegetation. None of the uncalibrated mixture models 

produced an image with acceptable error (most 30% and 

above), or that highlighted the burn scars extents. 

The entire process, from initial run to determining the 

'best' endmember values, was repeated using the same date 

(December 13, 1988) with the image calibrated. The 
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average endmember values from the initial run and the 'best' 

endmember values are given in Table 9.3 and Table 9.4. 

Table 9.3. Average endmember values - calibrated 

Feature Band 1 Band 2 Band 3 Band 4 Band 5 

burn scar 36 48 227 295 295 
water 25 5 227 288 289 
soil 66 63 312 305 307 
vegetation 19 50 227 293 294 

Table 9.4. 'Best" endmember values - calibrated 

Feature Band 1 Band 2 Band 3 Band 4 Band 5 

burn scar 38 40 312 305 306 
water 13 4 227 288 287 
soil 65 67 312 305 307 
vegetation 18 63 227 294 294 

The 'best' endmember values again show a decrease in 

the near-infrared for the burn scar and an increase in 

temperature (thermal bands calibrated to K - no reversal of 

values). Near-infrared values are decreased in water and 

increased in vegetation. Thermal (band 4 and band 5) values 

give the expected order with soils and burn scars being the 

hottest and water being the coldest, with vegetation in 
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between. 

The calibrated image was unmixed using the same band 

combinations and endmember selection criteria applied to the 

uncalibrated image. Although residual error was still high 

for all images the band combination of channell, channel 2 

and channel 3 dramatically highlighted the burn scar areas 

(Figure 9.5). 

Figure 9.5. Area 1 fraction image highlighting burn scar 
areas. 

9.4 Threshold Techniques 

A thresholding technique was chosen to determine if the 

calibrated image, using bands 1, 2 and 3 could be more 

effectively 'unmixed' to discriminate burn scars. Since 
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this model only used 3 bands the water endmember could not 

be included. The model portrayed water as a high percentage 

feature on the fraction image, but it was not relevant to 

the burn scar analysis and was removed by applying a water 

mask created from the Vegetation Classes map. The threshold 

removed impossible values from the image. Fraction image 

percentages below 0 were recalculated to 0 and percentages 

above 100 were recalculated to 100. Although there were few 

percentages above 100 the negative values were extensive. 

9.5 comparative Results 

To test the accuracy of the thresholded fraction image 

it was compared to the burn scar estimates generated by the 

TM and AVHRR traditional classifications. Area 1 was 

overlaid with the Vegetation Classes map to provide detail 

of burning found in Class 2 - crown cover between 20% - 50%, 

Class 3 - crown cover less than 20% and Class 4 -

agriculture. Class 1 - crown cover greater than 50% was not 

found in Area 1 and Class 5 - other was masked from the 

results as it is areas that can not burn. 

The areas used to determine burn scar extent by 

vegetation class are slightly smaller than the 39 km x 39 km 

areas analyzed in chapter 8. The areas analyzed in Chapter 

8 extended outside The Gambia and since vegetation class 

information for Senegal was not available Area 1 and Area 2 
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were clipped by The Gambian border. Results of the burn 

scar estimations for Area 1 are provided in Table 9.5. 

Table 9.5. TM, AVHRR and MM burn area and percent for Area 
1. 

Vegetation Total TM TM AVHRR AVHRR MM MM 
Class km2 km2 % km2 % km2 % 

2 465 135 29 141 30 145 31 
3 394 63 16 29 7 74 19 
4 280 33 12 41 15 52 19 

Total 1139 231 20 211 19 271 24 

The burn scar area derived from the AVHRR traditional 

classification and the AVHRR mixture model compared closely 

with the TM traditional classification. The AVHRR 

traditional classification was superior for Class 2, Class 4 

and Total while the AVHRR mixture model was superior for 

Class 3. On further inspection the mixture model overstates 

burn extent for all Classes. This may be a function of 

using an enhanced model that specifically extracts burn scar 

signatures, however the excessive negatives removed during 

thresholding gives cause for concern. 

The process was repeated using Area 2 (Table 9.6). For 

Class 2 and Class 3 the mixture model results were closer to 

the TM estimates than the AVHRR estimates. The estimate for 

Class 4 - agriculture was almost double the TM estimate, 
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Table 9.6. TM, AVHRR and MM burn area and percent for Area 
2. 

Vegetation Total TM TM AVHRR AVHRR MM MM 
Class km2 km2 % km2 % km2 % 

2 406 107 26 80 20 84 21 
3 366 40 11 46 13 35 10 
4 326 18 6 27 8 39 12 

Total 1098 165 15 153 14 158 14 

as was the case in Area 1. These comparisons suggest that 

mixture modelling may be appropriate for estimating burn 

scars, but further research would be required to make that 

determination. 

9.6 TM to MM comparison 

To provide a better understanding of the fit between 

the mixture model estimates and the TM estimates a pixel to 

pixel analysis was performed. To get percent burned for the 

TM imagery, in AVHRR size pixels, the TM pixels were 

aggregated in 33.3 pixel x 33.3 pixel groups that matched 

the 1 km x 1 km AVHRR resolution. The percent burn 

calculated using the TM imagery was subtracted from the 

percent burn estimated using the mixture model. If the burn 

estimates were the same for the TM and the mixture model the 

results were o. If the TM estimates were greater than the 



121 

mixture model estimates, the values were negative, and if 

the TM estimates were less than the mixture model estimates, 

the values were positive. The results were grouped into 10% 

increments to show the agreement between the mixture model 

and TM estimates. For both Area 1 and Area 2 approximately 

50% of the mixture model and TM pixel estimates were within 

10% of each other. The other pixels were arranged around 

these pixels in a gaussian distribution. These 

distributions are shown for Area 1 in Table 9.7 and Figure 

9.6, and for Area 2 in Table 9.8 and Figure 9.7. 

Table 9.7. Area 1: MM to TM pixel comparison. 

Lower Upper 
Limit Limit Frequency Percent 

-100 -90.1 4 .26 
-90 -80.1 6 .39 
-80 -70.1 7 .46 
-70 -60.1 11 .72 
-60 -50.1 24 1.58 
-50 -40.1 35 2.30 
-40 -30.1 44 2.89 
-30 -20.1 71 4.67 
-20 -10.1 106 6.97 
-10 10 788 51.80 
10.1 20 144 9.47 
20.1 30 102 6.71 
30.1 40 62 4.08 
40.1 50 53 3.48 
50.1 60 35 2.30 
60.1 70 13 .85 
70.1 80 6 .39 
80.1 90 4 .26 
90.1 100 6 .39 
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Figure 9.6. Area 1 - MM to TM pixel comparison. 
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Figure 9.7. Area 2 - MM to TM pixel comparison. 
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Table 9.8. Area 2: MM to TM pixel comparison. 

Lower Upper 
Limit Limit Frequency Percent 

-100 -90.1 24 1.58 
-90 -80.1 21 1.38 
-80 -70.1 16 1.05 
-70 -60.1 30 1.97 
-60 -50.1 31 2.04 
-50 -40.1 33 2.17 
-40 -30.1 43 2.83 
-30 -20.1 60 3.94 
-20 -10.1 70 4.60 
-10 10 759 49.90 

10.1 20 96 6.31 
20.1 30 80 5.26 
30.1 40 84 5.52 
40.1 50 39 2.56 
50.1 60 29 1.91 
60.1 70 19 1.25 
70.1 80 23 1.51 
80.1 90 18 1.18 
90.1 100 46 3.02 

The distribution shows the majority of pixels as 

matching within a limit of ± 10%. By increasing the limits 

to ± 20% the matching between the mixture model and TM 

estimates approaches 60% - 70% of the pixels in Area 1 and 

Area 2. This high percentage of matching indicates a 'good' 

fit between the two estimation methods. 
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10. CONCLUSIONS AND FUTURE WORK 

10.1 Review 

The objective of this dissertation was to determine if 

AVHRR data could be used to identify and estimate burn scars 

in West African savannas and specifically The Gambia. This 

objective was met by acquiring four years of AVHRR data and 

processing the images to identify burn scars. Using a 

traditional classification method and GIS technology the 

origin, spread and extent of burning in The Gambia was 

recorded for the burn seasons 1988/89 to 1991/92. Specific 

relationships between burning and vegetation were discovered 

with frequency of burning within vegetation type, and area 

burned by vegetation type, being quantified. An accuracy 

assessment using TM imagery as a control was performed on 

the traditionally classified AVHRR imagery and a linear 

mixture model was applied to determine its potential for 

improving burn scar estimations. 

The use of AVHRR imagery to determine burn scar extent 

was predicated upon its frequent repeat cycle, large area 

coverage and low cost. Even with the daily coverage 

provided by the AVHRR it was difficult to acquire one image 

per month spaced evenly over the 1988/89 to 1991/92 burn 

seasons. with an AVHRR receiving station currently active 

at CSE in Dakar, Senegal the availability of data should 
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improve. 

Monthly AVHRR imagery was traditionally classified, one 

pixel per class, using a supervised classification and a 

parallelepiped algorithm. The monthly burn scar extents 

were ported to a GIS for overlay analysis and mapping 

providing a progression of burn scars indicating the origin, 

spread and extent of burning for each year of the study. 

Burn scar progression was tracked repetitively from the 

northeast to the southwest supervening the withdrawal of the 

inter-tropical convergence zone and its resultant moisture. 

By overlaying the burn scar maps with aggregated vegetation 

classes it was discovered that Class 2 - crown cover between 

20% - 50% burned most frequently. Approximately 20% of 

Class 2 burned all four years, averaging 176,000 hectares 

per annum. The agricultural areas burned the least and it 

was observed during field analysis that farming practices, 

particularly in the peanut basin in the northwest, included 

removing residual biomass from the fields, greatly reducing 

the chances of burning. 

The accuracy of burn scar estimations derived from the 

traditionally classified AVHRR imagery was evaluated by 

comparison to coincident higher resolution TM data. The 

AVHRR estimation, as a percent of the TM estimation, was 89% 

and 103% for two study areas. To further investigate the 

accuracy of the AVHRR traditional classification the data 
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were overlaid on the coincident TM classifications and 

confusion matrices were generated. Given the different 

spatial resolutions, the AVHRR burn scar extents and the TM 

burn scar extents matched 46% of the time. It was noted 

that the georectification process added to the error between 

images even though image transformations were less than one 

pixel for each scene. 

A linear mixture model was applied to the two AVHRR 

subset areas to determine its potential for improved burn 

scar estimations. Uncalibrated and calibrated AVHRR images 

were used in this analysis. The uncalibrated images were 

unable to unmix the areas of burn scars and soils, owing to 

their heterogeneous characteristics. The calibrated 

imagery, processed using bands 1, 2 and 3, was most 

proficient at unmixing the burn scars. The thermal bands 4 

and 5 offer no improvement. since some values fell outside 

0% to 100% burned, a threshold was applied to restrict them 

to within those percentages. When the threshold was 

applied, the mixture model consistently overestimated burn 

scar percent, but overall the mixture model percentages fell 

within 5% of the traditionally classified TM estimations. 

10.2 conclusions 

This research shows that AVHRR imagery can be used to 

generalize the extent and frequency of burning in The 
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Gambia. The AVHRR burn scar estimations generated using a 

traditional classification method proved to be within 11% of 

TM estimations. By overlaying the AVHRR and TM imagery and 

constructing confusion matrices, the agreement of areas 

burned dropped to approximately 50%. This drop in accuracy 

was partially due to the mis-registration of images produced 

by georectification errors and the difference in spatial 

resolutions between sensors. Accuracy should improve by 

initiating multi-temporal analysis, where cumulative burn 

scar identification should lead to reduced errors of 

omission and commission. 

The results of using mixture modelling and AVHRR data 

were positive. Total area burn estimates for the two subset 

sites were within 5% of the TM burn estimations. The 

calibrated AVHRR imagery produced better estimates than the 

uncalibrated AVHRR imagery and the band combination of 

channell, 2 and 3 proved superior to all others. The 

improvement realized by using calibrated imagery is 

postulated to be a function of linearizing the thermal 

infrared band. Bands 4 and 5 provided no improvement to the 

mixture model and further analysis is required to determine 

the relationship of these channels to the unmixing 

algorithm. 

The analysis of burn scars over four consecutive burn 

seasons, and by vegetation type, led to a greater 
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understanding of the characteristics of burning in The 

Gambia. Class 2 - crown cover between 20% - 50% burned most 

often, approximately 20% of its total area every year, and 

in the greatest extents. It was discovered during the field 

assessment that the burning in Class 2 was primarily the 

understory, especially savanna grasses. The larger trees 

and shrubs were not severely damaged by the low intensity 

fires, although seedlings were often destroyed reducing the 

regeneration of tree and shrub species. 

The significance of repetitive burning in Class 2, as 

opposed to one time burning to clear for agricultural use, 

provides new insight into the contribution of savanna 

burning to global warming. If the majority of burning in 

The Gambia is a repetitive burning, then the cycle of 

burning and regrowth is a carbon flux, with minimal net 

input of carbon into the atmosphere. If this cycle is 

duplicated in other west African countries, and given the 

similarity of vegetation types and farming practices there 

is no reason to believe it is not, then the contribution of 

savanna burning in this region to global warming may be 

negligible. Further, uncontrolled savanna burning is common 

throughout Africa and the findings of this study may apply 

to much larger regions. 
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10.3 Future Work 

This dissertation provides a foundation for assessing 

burn scar estimations, using AVHRR data, in West Africa. 

continued research is necessary to sUbstantiate the efficacy 

of using AVHRR imagery and to provide increased accuracies. 

For the traditionally classified AVHRR estimations, a series 

of coincident AVHRR and TM images should be classified and 

investigated, preferably covering an entire burn season. 

The temporal dynamics of this process would allow for a 

confusion matrix, based on yearly burn extents, to be 

reviewed and errors of omission and commission quantified. 

Since total area burned during the burn season for the TM 

and AVHRR classifications would be assessed, the errors 

intrinsic to a 'snapshot' analysis of one scene, as used in 

this study, would be reduced. 

One of the limitations regarding this study was the 

historical nature of the data resulting in 'after the fact' 

ground truthing. In future studies, field exercises should 

be performed in situ and compared to the satellite data. 

This would resolve issues pertaining to the extent and 

'percent necessary' to identify burn scars on the imagery. 

The mixture model estimated burn scars better than 

expected given the high degree of residual error and the 

need to apply a threshold. The limitations imposed on the 

mixture model by AVHRR imagery, 5 bands with two being 
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reflective channels, are restrictive. still, the results 

provide a foundation for future work forcing single 

signatures out of a background of heterogeneous endmembers. 

The most critical activity in mixture modelling is the 

selection of endmember spectral signatures. Selecting 

endmember values from the imagery, as was done in this 

research, is a viable option when developing signatures. 

However, problems occur when the resolution of the imagery 

is larger than the greatest homogeneous extent of the 

endmembers. One method is to develop endmember signatures 

from higher resolution imagery. For example, the coincident 

TM imagery could be examined and pixels with Ipure l 

endmember signatures could be used to provide the spectral 

basis for AVHRR signatures. 

The thermal infrared channels are also in need of 

further investigation, since they comprise the majority of 

AVHRR bands. There was a distinct improvement in 

identifying burn scars when applying the mixture model to 

calibrated AVHRR data, using band 3. This indicates that 

the thermal infrared channel provide positive input to the 

model. Bands 4 and 5 provided no improvement in this 

research, but further attempts to linearize and scale the 

values to provide increased differentiation between 

endmembers may be possible. TM band 6, thermal infrared 

between 10.4~m - 12.5~m, covers the same range of AVHRR 
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thermal infrared bands 4 and 5. These wavelengths are 

useful in vegetation stress analysis, soil moisture 

discrimination and thermal mapping applications. TM band 6 

was not used in this research and may provide additional 

information relative to identifying burn scars. It should 

be noted that TM band 6 has a 120 m spatial resolution and 

would require individual attention when resampling to match 

AVHRR resolution. 

The techniques applied in this dissertation have proven 

to be valid in monitoring burn scars in savanna 

environments. The coarse spatial resolution and limited 

band availability associated with AVHRR will continue to 

hinder efforts to improve burn scar estimations. New 

sensors, such as the Moderate Resolution Imaging 

Spectroradiometer (MODIS) and the Satelite Argentino 

Cientifico (SAC-C), are being designed specifically for 

earth related research, with improved radiometric contrast 

and higher spatial resolution. As these sensors come on 

line, the methods used in this dissertation should be 

applied to data acquired by these satellites. 



132 

APPENDIX A 
Correction and Calibration Data positions 

To interpret the 10-bit information provided in the scan 
line headers, the 8-bit bytes they are stored in must first 
be reduced to binary O's and l's and then reconstructed as 
10-bit data. As shown in the text, each 10-bit byte is 
contained within two 8-bit bytes. The notation used to 
identify the location of the 10-bit byte data within the 8-
bit byte structure is the first 8-bit byte, followed by a 
comma and the bit positions and then the second 8-bit byte, 
followed by a comma and the remaining bit positions. For 
example, using the format displayed in the text the first 
10-bit byte is located in 8-bit byte one, bits 3-8 and 8-bit 
byte two, bits 1-4: 

Notation: first 10-bit byte = 1,3-8 2,1-4 

The following list contains the 8-bit byte positions for the 
10-bit data identifying the image date, prt temperatures, 
internal target temperatures and space scan information 
required to calibrate the AVHRR imagery. 

Date: 

Year 
3,1-7 

Day 
3,8 4,1-8 

Platinum Resistance Thermometer Temperatures: 

There are four platinum resistance thermometer (PRT) 
temperatures and a reference value recorded on the image. 
Only one PRT is measured per scan line and it is measured 3 
times. To access all four PRT values and the reference 
value, 5 consecutive scan lines must be interpreted. The 
sequence is: scan line 1 - reference value, scan line 2 -
prt 1, scan line 3 - prt 2, scan line 4 - prt 3, scan line 5 
- prt 4, scan line 6 - reference value, scan line 7 - prt 1, 
repeating the prts and reverence values for the duration of 
the image. The location for the PRT values are the same on 
each scan line. 

1st measurement 2nd measurement 3rd measurement 

332,7-8 333,1-8 334,3-8 335,1-4 335,5-8 336,1-6 
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Internal Target Data: 

Data is repeated 10 times for Ch.3, Ch.4 and Ch.5 

Ch.3 Ch.4 Ch.5 
339,5-8 340,1-6 340,7-8 341,1-8 342,3-8 343,1-4 
343,5-8 344,1-6 344,7-8 345,1-8 346,3-8 347,1-4 
347,5-8 348,1-6 348,7-8 349,1-8 350,3-8 351,1-4 
351,5-8 352,1-6 352,7-8 353,1-8 354,3-8 355,1-4 
355,5-8 356,1-6 356,7-8 357,1-8 358,3-8 359,1-4 
359,5-8 360,1-6 360,7-8 361,1-8 362,3-8 363,1-4 
363,5-8 364,1-6 364,7-8 365,1-8 366,3-8 367,1-4 
367,5-8 368,1-6 368,7-8 369,1-8 370,3-8 371,1-4 
371,5-8 372,1-6 372,7-8 373,1-8 374,3-8 375,1-4 
375,5-8 376,1-6 376,7-8 377,1-8 378,3-8 379,1-4 

Space Scan Data: 

Data is repeated 10 times for Ch.1, Ch.2, Ch.3, Ch.4 and 
Ch.5 

Ch.1 
379,5-8 380,1-6 
386,3-8 387,1-4 
392,7-8 393,1-8 
399,5-8 400,1-6 
406,3-8 407,1-4 
412,7-8 413,1-8 
419,5-8 420,1-6 
426,3-8 427,1-4 
432,7-8 433,1-8 
439,5-8 440,1-6 

Ch.2 
380,7-8 381,1-8 
387,5-8 388,1-6 
394,3-8 395,1-4 
400,7-8 401,1-8 
407,5-8 408,1-6 
414,3-8 415,1-4 
420,7-8 421,1-8 
427,5-8 428,1-6 
434,3-8 435,1-4 
440,7-8 441,1-8 

Space Scan Data (cant): 

Ch.4 
383,5-8 384,1-6 
390,3-8 391,1-4 
396,7-8 397,1-8 
403,5-8 404,1-6 
410,3-8 411,1-4 
416,7-8 417,1-8 
423,5-8 424,1-6 
430,3-8 431,1-4 
436,7-8 437,1-8 
443,5-8 444,1-6 

Ch.5 
384,7-8 385,1-8 
391,6-8 392,1-6 
398,3-8 399,1-4 
404,7-8 405,1-8 
411,6-8 412,1-6 
418,3-8 419,1-4 
424,7-8 425,1-8 
431,6-8 432,1-6 
438,3-8 439,1-4 
444,7-8 445,1-8 

Ch.3 
382,3-8 383,1-4 
388,7-8 389,1-8 
395,5-8 396,1-6 
402,3-8 403,1-4 
408,7-8 409,1-8 
415,5-8 416,1-6 
422,3-8 423,1-4 
428,7-8 429,1-8 
435,5-8 436,1-6 
442,3-8 443,1-4 
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APPENDIX B 
Quattro Pro Correction/Calibration Worksheet 

Source file: Quattro Pro: 88337ws.wq1 

* - indicated user input value 

Image Date: use "YYMMDD" format * 88337 

NMAL - Number of months after launch of satellite NOAA-9 
(launch date 12/12/84) * 48 

------------------------------------------------------------
RADIOMETRIC CALIBRATION - VISIBLE 
(Teillet et al., 1990) 

R = {DN-Offset)/Gain 

Gain 

Offset 

(Che and Price, 1992 pg 23) 
band 1 1.752 - 6.425 * 0.001 * (nmal) 

1.4436 

band 2 2.411 - 2.167 * 0.001 * (nmal) 
2.306984 

(Che and Price, 1992 pg23, deep space - scan 
line header) 

band 1 col 11-20 pos3{53,58, •• 98) * 40 
band 2 col 11-20 pos4{54,59, •• 99) * 40 
(all deep space values approx. the same) 

Error of +/- 10% for ch 1 and 2, Che and Price, pg 23 & 26) 

------------------------------------------------------------
DNi - DNdb ATMOSPHERIC CALIBRATION - VISIBLE 

(Chavez, 1988) (dark body, water) 

Applied after radiometric calibration - Calib 1 

Values from the pixel with the lowest IR value - water 

band 1 
band 2 

dark body/water body 
dark body/water body * 

* 
15 

5 

------------------------------------------------------------
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RADIOMETRIC CALIBRATION - THERMAL 
(NOAA User's Guide, 1991 pg 3-14) 

R = M(DN)+I 

M M = (Rt - Rsp)/{DN1 - DN2) 

band 4 

band 5 

(Rt - Rsp bnd4)/{DN1 bnd4 - DN2 bnd4) 
-0.17514 
(Rt - Rsp bnd5)/(DN1 bnd5 - DN2 bnd5) 
-0.17835 

Rt - Radiance of warm black body (sensor) 

C1*(Vx) (Vx) (Vx» / (exp(C2*{Vx/Ta»-1) 

Constants(NOAA User's Guide, 1991 pg 3-14) 

C1 - constant band 4, band 5 
C2 - constant band 4, band 5 

1.19E-05 
1.438833 

Constants{NOAA User's Guide, pg 1-42, central wave # by 
temp) 

Vx - constant band4 
Vx - constant band5 

929.39 
845.19 

band 4 (.00001191066) (929.39) (929.39) (929.39) / 
(exp{1.438833*{929.39/Ta»-1) 
93.46667 

band 5 (.00001191066) (845.19) (845.19) (845.19) / 
(exp{1.438833*(845.19/Ta»-1) 
107.5523 

Ta - Average temperature of warm black body (scan line 
header) 

4 prts (column 4) 

pos3(18) 
subcom- prt 1 224 
mutate prt 2 232 
for prts prt 3 219 
2,3,4; prt 4 226 

calib. 0 

pos4(19) pos5(20) 
224 224 
232 232 
219 219 
226 226 

0 0 

average 
224 
232 
219 
226 

0 

* 
* 
* 
* 



PRT Equations 
(NOAA Tech Manual, Appendix B) 

prt 1 = 277.018 + .05128 
prt 2 = 276.75 + .05128 
prt 3 = 276.862 + .05128 
prt 4 = 276.546 + .05128 

Ta 

* 
* 
* 
* 

(avg prt 1) 
(avg prt 2) 
(avg prt 3) 
(avg prt 4) 

Rsp - Radiance of cold black body (deep space) 
(NOAA User's Guide, pg 3-14) 

band 4 
band 5 

-3.384 
-2.313 
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288.5047 
288.647 
288.0923 
288.1353 
288.3448 

ON1 - ON of warm black body (internal target data - scan 
line header) 

band 4 (all approx the same) 

col 5 - pas 4(24) * 440 
col 6 - pas 2 (27) ,5(30) 
col 7 - pas 3(33) 
col 8 - pas 1(36) ,4(39) 
col 9 - pas 2(42),5(45) 
col 10 - pas 3(48) 
col 11 - pas 1 (51) 

band 5 (all approx. the same) 

col 5 - pas 5(25) * 381 
col 6 - pas 3(28) 
col 7 - pas 1(31) ,4(34) 
col 8 - pas 2(37) ,5(40) 
col 9 - pas 3(43) 
col 10 - pas 1(46),4(49) 
col 11 - pas 2(52) 

ON2 - ON of cold black body (deep space - scan line header) 

band 4 col 12-21 pos1(56,61, •• 101) 
band 5 col 12-21 pos2(57,62, •• 102) 
(all approx. the same) 

* 
* 

993 
997 



I I = Rsp - (M * DN2) 

band 4 

band 5 

Rsp bnd4 - (M bnd4 * DN2 bnd4) 
170.5269 

Rsp bnd5 - (M bnd5 * DN2 bnd5) 
175.5047 
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------------------------------------------------------------
RADIANCE TO TEMPERATURE CONVERSION - THERMAL 
(NOAA User's Guide, pg 3-14) 

Te = C2*vx/ln{1+{C1*Vx*Vx*Vx)/DNx) 

band 4 

{1.438*929.39)/{ln{1+.0000119*929.39*929.39*929.39)/DN 

band 5 

{1.438*845.19)/{ln(1+.0000119*845.19*845.19*845.19)/DN 

------------------------------------------------------------
ATMOSPHERIC CORRECTION - THERMAL 
(Cooper and Asrar, 1989) 

(B1*Te bnd4)+(B2*{Te bnd4-Te bnd5» - B3 

B1 - constant 
B2 - constant 
B3 - constant 

1. 035 
3.046 

283.934 

------------------------------------------------------------
EMISSIVITY Ts+Tc(Es/Eg)to the lIn * 0.98 

------------------------------------------------------------
SOLAR ZENITH ANGLE AND VIEW ANGLE 
(Holben et al., 1990) 

DNo = DN I cos 
solar zenith angle 104 * 0.946868 

------------------------------------------------------------



EQUATIONS - FOR USE IN ERDAS "ALGEBRA" 

Calib 1 - input file: 88337 .lan 

«xl) / 0.946868) - 40) / 1.4436 
«x2) / 0.946868) - 40) / 2.306984 

x3 / 0.946868 
(-0.17514 * «x4)/ 0.946868 » + 170.5269 
(-0.17835 * «x5)/ 0.946868 » + 175.5047 

Calib 2 - input file: 88337 c1.lan 

xl - 15 
x2 - 5 

(x3) 

ouput file: 

1337.237 / In(l + 9563.7439 / X3) 
1216.087 / In(l + 7191.1588 / X4) 
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88337 c1.lan 

output file: 88337 c2.lan 

Calib 3 - input file: 8337 c2.lan 

«(x2 - xl) / (X2 + xl» +1) * 511.5 
«1.0346 * x3) + (2.58 * (x3 - x4» - 10.21) * 0.98 

output file: 88337 c3.lan 

------------------------------------------------------------
AFTER GEO-REFERENCING 

Subset file: 88337 c3.lan, into 

NDVI (Xl) 
Thermal (x2) 

88337n.lan 
88337t.lan 
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------------------------------------------------------------
------------------------------------------------------------

TEST OF EQUATIONS USING SAMPLE DNs 

------------------------------------------------------------
------------------------------------------------------------

CALCULATIONS FROM ORIGINAL EQUATIONS - THERMAL 

Temperature Calculation for DNs from imagery 

band 4 
band 5 

(ON value from imagery) 
(ON value from imagery) 

Radiance = L = M(DN)+I 

band 4 160.0187 
band 5 174.0779 

Radiance to temperature conversion 

band 4 

* 
* 

60 
8 

(1.438*929.39)/(ln(1+.0000119*929.39*929.39*929.39)/ONx) 
326.8093 

band 5 

(1.438*845.19)/(ln(1+.0000119*845.19*845.19*845.19)/ONx) 
326.6853 

Split window calculation for atmospheric correction 

(B1*Te bnd4)+(B2*(Te bnd4-Te bnd5» - B3 

B1 - constant 
B2 - constant 
B3 - constant 

327.6912 

1.035 
3.046 

10.934 

-----------------------------------------------------------
USING SLOPE AND INTERCEPT FROM THE AVHRR HEADER - THERMAL 

Energy Value E = S (DN) + I 
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(NOAA User's Guide, pg 3-14) 

S = scaled slope band 4 
band 5 

-0.16997 (scan line header) 
-0.17577 

I = intercept band 4 
band 5 

168.7816 
175.1599 

(scan line header) 

band 4 
band 5 

158.5834 
173.7537 

Conversion to temperature 

band 4 
(1.438*929.39)/(ln(1+.0000119*929.39*929.39*929.39)/DN 

326.0908 
band 5 

(1.438*845.19)/(ln(1+.0000119*845.19*~45.19*845.19)/DN 
326.5217 

split window calculation for atmospheric correction 

(B1*Te bnd4)+(B2*(Te bnd4-Te bnd5)) - B3 

B1 - constant 
B2 - constant 
B3 - constant 

325.2576 

1.035 
3.046 

10.934 

------------------------------------------------------------
------------------------------------------------------------
COMPARISON OF ORIGINAL EQUATION METHOD TO AVHRR SCAN LINE 
HEADER METHOD FOR THERMAL VALUES 

Calculated Temperatures vs original Header 

Different Split Window Techniques 

D and P 2.626(ch 4) - 1.626(ch 5) - 1.1 

McClain 1.035(ch 4) + 3.046(ch 4 - ch 5) 
- 283.934 

Temperatures 
orig. Head. 

325.9 324.3 

327.7 325.3 



Price 

Singh 

(ch 4) + 3.33(ch 4 - ch 5) * 1 

1.699(ch 4) - .699(ch 5) - .24 

327.2 

326.7 
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324.7 

325.5 

------------------------------------------------------------
------------------------------------------------------------
CALCULATION OF RADIANCE GAIN & OFFSET - VISIBLE 

ONs from imagery 

band 1 (ON value from imagery) * 

band 2 (ON value from imagery) * 

RADIOMETRIC CALIBRATION - VISIBLE R = (ON-Offset)/Gain 

Gain 

Offset 

band 1 
band 2 

band 1 

band 2 

band 1 
band 2 

45.02632 
49.84863 

1.752 - 6.425 * 0.001 * (nma1) 
1.4436 

2.411 - 2.167 * 0.001 * (nma1) 
2.306984 

col 11-20 pos3(53,58, •• 98) 
col 11-20 pos4(54,59, •• 99) 

NOVI 0.050828 

* 
* 

105 

155 

40 
40 

------------------------------------------------------------
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APPENDIX C 
1989/90 - 1991/92 Burn Scar Maps 



~43 

----,------,------,------,------,------,---
22 OCT 1989 

I 

----~------~------~------~------~------~---

----,------,------,------,------,------,---
29 NOV 1989 

-----~------~------~------~------~------~---

----,------,------,------,------,------,---" 
I I 

20 DEC 1989 I 16xCaII, I!bId 

----~------~------~------~------~------~---

----,------,------,------,------,------,---
6 JAN 1990 I : 16xCaII, I!bId 

Recent Ilm Secrs 
Previous Btrn Scers 
Division llanby 

----~------~------~-------,------~------~----
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-----,------,------,------,------,------,---
2 fEB 1990 I 

----~------~------~------~------~------~---, 

----,------,------,------,------,------,---, 

24 fEB 1990 

----~------~------~------~------~------~---. 

----,------,------,------,------,------,---' 
9 I I 

14 MAR 1 90 I 1b:CcrII, 1m! I 

I 

-----~------~------~------~------~------~---. 

----,------,------,------,------,------,---
20 APR 1990 I : Ib:CcrIIJ I!bd I 

Previous fllrn Scars 
Division 8Mdcry 

----~------~------~------~------~------~---
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-----,------,------,------,------,------,---

I I I I I 18 OCT 1990 I I Ib:CaIly Isbld 
I 

I 
I I I I 

-----~------~------~------~------~------~---

-----,------,------,------,------,------,----
1990 I I I I 6~ 11b:Ca1ly1sbld I 

I 

I I 

----~------~------~------~------~------~---. 
-----,------,------,------,------,------,----

4 OCC 1990 I : 6b:CcrIIy Isbld I I 

I 

I I 

----~------~------~------~------~------~---. 

----,------,------,------,------,------,---
18 JAN 1991 I I : Ib:Cally Isbld I I 

I I 

Previous Ilirn Scars 
Division BOIJldcry 

-----~------~------~------~------~------~---. 
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----,------,------,------,------,------,---" 
14 FEB 1991 : : : Ihf.crIly IlknI I : 

I I I ~ __ _ 

----~------~------~------~------~------

-----,------,------,------,------,------,---" 
4 MAR 1991 I : lb$4Ity IlknI I I 

I I I I 

----~------~------~------~------~------~---~ 

----,------,------,------,------,------,---" 
7 APR 1991 I : : Ihf.crIly IlknI I : 

I I I 
----~ ______ ~ ______ ~ ______ 4 ______ ~ ______ ~ __ _ 

----,------,------,------,------,------,---" 
I I I 25 APR 1991 : I I Iob:CIrIIy IlknI 

• II Previous Ilirn Scars 
I I WI Division Bolrd:ry I I 

----~------~------~------~------~------~---
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----,------,------,------,------,------,---

5 I I I I OCT 1991 I I lb:Ccrfty IsItnI 

I 

I I 

----~------~------~------~------~------~---

-----,------,------,------,------,------,---' 
1 NOV 1991 I I : lb:Ccrfty IsItnI I I 

I 

I I 

----~------~------~------~------~------~----

-----,------,------,------,------,------,---' 
28 NOV 1991 I : Ib:Ccrfty IsItnI I I 

I 

I I I 

----~------~------~------~------~------~---

-----,------,------,------,------,------,---
24 DEC 1991 I : : lhf.criIy IsItnI I I 

Previous Btrn Scars 
Division BOIJ1dcry 

----~------~------~------~------~------~---
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----,------,------,------,------,------,----
26 JAN 1992 : I : ~ IsIa¥I I I 

I I 

----~------~------~------~------~------~---

----,------,------,------,------,------,---
20 rrn 1992 I I : Ib:CcrIly IsIa¥I I I 

I 
I I I 

----~------~------~------~------~------~---

----,------,------,------,------,------,---
31 MAR 1992 I I : Ib:CcrIly IsIa¥I I I 

I I 

----~------~------~------~------~------~---

----,------,------,------,------,------,---
I I I I I 28 APR 1992 I Ib:Ccrlly IsIa¥I 

• • Previous Btln Scars 
I I WI Division 80111dcry 

----~------~------~------~------~------~---. 
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APPENDIX D 
1988/89 - 1991/92 Burn Scar statistics 
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1988119<19 BURN SEASON 

.... 
U1 
o 
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1315 716610 l1>li89 1251 3J.a39 56133 
lOU .96619 "B52 1138 25:1112 55153 
SC61 766511 208960 2128 2.79 92 15989 

39751 

.51 .... ,.- aIaI_ -- .. - alai_ --2079 75282. 25002 332 777829 37500 
5650 B9B80l 768115 Cl3 322713 259119 
6325 -I=~ ~i5563 •• 53 I6IiO 20 21317& --iii9 25!Mift -mg 1030326 2D59C6 

VoaCla .. .. 

~.,.. ...... POJ .. - alai_ -- .. -
706 13069 000 000 

1336 6M17 000 000 
3759 ~76 000 000 
800 223911 000 000 
559 831282 III,. I'" 
983 1&0989 8289 51. 

56.2 511313 6651 In 
1316 39525 239D1W 6IW69 
'0'" " ...... , """" .. . .., 

.. .. - aIaIAtN -- .. _ 
2UI 001 000 000 
27~ .11551 31098 859 
.28 7.3081 1300 017 
328 SI.a36 1~35 219 
025 .. 6153 22659 505 
.25 92D561 11219 123 

... .. - -- -- .. -
25.1 113128 001 000 
,.110 1C180!i lUI 116 
1701 116539 025 002 
2178 216501 lOU U2 
3811 11iC93O C589 279 

... .. - -- -- .. -
.82 lCTJ 000 000 
805 075 000 000 

2207 I~ --~~ ~~ 1999 

... alai _ 
_ 

.. - 0l0i_ 11Ium_ 
.. _ 

alai_ -- .. - 0l0i_ -- .. -715130 21.79 2151 .... 1.56 .... 1181 2211.09 51 53 2323 25.50 000 000 
lC80285 711385 .a 08 1_21 229081 llC3 755Ii IS 10711 1201 318 000 000 
38C8C 75 .175~ 2.01 11111111 111.119 III 2278513 202511 889 .1287 000 000 
3IITJ25 5li2C3 UIS .5CS85 30150 883 355013 31182 8n .alBB 000 000 

2951 COti!106t 

IUWoI &.IQoU~ 

0l0i_ -- .. -
2!10.5] 3OU ... 10' 
1955205 21091. 131 
2550B89 7.0365 291 
12m 56 1082,. .' 2559998 221766 7: 
l~n 11M 88 1:!! 
15613~ 1090111 61: 
.. 1981 902.36 851 ,..",,, , ........ ., , 

alai_ _Atea .. -119 
51SC~ 117500 "2. 

37.a589 II033SC 29.3 
26.0169 110000 .11 
1815110 BCOOO ~~! 
2525392 1119278 H9 
Ii9653 79 180122 1118 

0I.l .'"CI cbI_ 
1 __ 

.. -
1~78C3 36C359 23 
111191~ 213178 22 
11169110 22612. 12 
172SC 16 lBCl25 22 
22&11 ,. 1025Ii 75 ... 

au lnCI 
alai_ 

_All 
2721839 3UI 
1301085 212 
.~16 2OC5: 
.9C9218 16901 

InCI 
0l0i_ --IC5Q.C5 32193 

_7,19 1031111 
1151.82 12.IB2 
1255263 11155-

ConcINIod 

~ 
Ul 
~ 



IMCAI< rtlllSWID 

UP~ER RI.1:R DiVlSIOII(NORTHI 

0dIric:I VIII 50 

atIIAru -- !!o_ atil_ -- ,.,- atII_ 1Ium_ !!o_ 
000 000 000 16865.15 !WSI06 3236 885819 12n95 IU7 

3930 000 000 
2 __ 29 

n7l68 29.s 1871390 233238 12.s 
latll llIJOI 0001 000 .1545~1 12n9n 3D ... -=091 ~ 11011 

U~I'lH R,vER IlIV1SKlN (SOUltl) 

0dIric:I VIII 50 •• .. 
atII_ -- !!o_ atil_ 1Ium_ !!ollumocl otII_ -- ,., IIumocI 

HI 5530 000 000 1.99 57.085 IU5 2159386 238002 1102 
23925 I.S. 806 .. 8339 223828 2360 11..a03 222191 lUI 

.. 
cIII_ -- !!o_ otII_ 

73IU3 38865 529 97.50 
'_7. 187830 1195 002 

.1358m -.o6a~ 'til 

.. -- -- ,., IIumocI atII_ 
2676U3 336062 1255 S.1.16 
858921 112529 1310 29009 

• ClIo -- lIo_ 
obI_ 

000 000 331336a 
000 000 57.ao28 

~"" 

... 
1Ium_ ,., IIumocI --1851 3.2 17M1.1. 

000 000 :!OIM798 

ICI 
IlumAr .. 

7117.66 
11282301 

--1150000 
56D000 

!!ollumocl 
2148 
1963 

!!oB_ 
lUI 
18 a. 

ja. 

.... 
U1 
N 



COUNTRY 

Gamboa 

~s 

AREA BURNED BY COUNTRY ANOVEGETATION TYPE (HECTARES) 
198911990 BURN SEASON 

'eg CIIU I Vea OlSS , ~ V!Q Clall 2 ~ Vep CIU5 J h V!Q OUs ~!Q h!.OOll'!UY r __ 11Ium_ 1 .. ___ 11Ium_ 1 .. lIumod __ 11Ium_ 1 .. ___ 11Ium_ 1 .. ___ 11Ium_ 1 .. ___ 11Ium- Ii:!!<II!IiC! 

AREA HURIlED BY DMSION AND VEGETATION TYPE (HECr ARES) 
1989119S0 BURN SEASON 

.... 
U1 
w 



WESTERN DMSION 

~ 
vegous 

dOI_ Bum_ .. -
I~ 

IX 82 129111 1549 
2117U6 n7CS 2527 
76OC5C 359C 74 e727 

833 0:16 eu 
"'I!!n!!ng-.w- 000 000 000 

~= 
.. 113 3582 NIlS 
000 000 000 

",Janol 000 000 000 1- 2081931 ~19"3 21 

,'OR II. !lANK DMSION 

~ 

~ VegCloU 
~ . ___ .ndOlAl1 IBumAl1 I!!oB<no 

.,. 

LOWER RIVER OMSION 

.... CCloRTHY ISLA/II) DMSION ("ORI"I 

IA>CCIoRTHY ~D DMSIOII(SOUIIII 

IS 
dOl_ Bum_ 

e25101 59014 
C537n 3C7n 
1808 58 50500 
C633611 273025 
500II111 3011312 
535157 272271 
1762111 7117190 
41171 CCI 317533 

4233809 22084111 

AREA bURNED BY DISTRICT AND VEGETATION TYPE (IIECTARES) 
188911990 BURN SEASON 

so ViOCla .. .. _ 
dOl_ Bum_ .. - .... -Bum_ 

13118 375UII eN 113 12 1173U5 1113118 
7611 135358 3NU 2IIOC 10000U :1611926 

2792 1I5U7 55711C CS09 l12li158 &721 
5882 1I3113C 55017 .. 35 .. 1458 2OC1l00 
8159 191\Cel 3782118 5C32 1131159 3247211 
50118 207111 112312 .. 119 153 183U7 
8911C 235C57 2OIl8n 1531 C07358 3C2505 
7955 176282 122190 8971 23900C lUI 69 
52 

.. -
11.111 
21163 
5860 
..,el 
31105 
3759 
1IC08 
59CS 

rr"""-'IIIIm-'''1!ut!I I!lJ!I \I!!!!I ~ rr .... _ ,Bum , .. Bum 

-21336: 

so 

.... - Bum_ .. - .... - 1Iurn_ .. -
IWIIII 000 000 2IM7e 53 3681.78 12 

6IIC 17 175 0:16 11155205 el45 117 21 
6II5C 711 399111 801 25501189 87 .. 50 38 
2239117 3Cl1IC 1557 120358 l587II02 C5 
1131212 117324 ICII 211599. 11211852 311 
180819 211171 ISOI IC085 71 581189 el 
81131l 5500 105 15873G 13360111 IIC 
39525 036 009 1IC1981 15:1621 89 

111 6300001 :w 

15:iih 

~ 
001 

411558 QUI UI IQ 1;1 

7430117 731508 2771 
81"36 220000 11 73 
"'1",53"-_=,,, 
~ 1171 !Inn __ H~I ~ 111) . I~m 

ContInuod ... 

I-' 
U1 
~ 



MACAF<1I1t ISlAtlD 

'Ig .. ,so 
oct T_AIa IBomAla I~-

000 000 000 ,nil 

UPPER RIVER OMSION (NORTH) 

UPPER RIVER OMSION (SOUTH) 

.. so 
0loI Ala 11Ium'-' I~ BiIniod 

2321 000 000 
0CII~i1ls.m- 1~Biiiiiiii:t nUl 000 0.00 

, .. 
-~~AIar~ _. o. 000 OCII~~IB<m~ooi~-awnogoo _AiM 1B<m Ala -1'.-1IiirMd 

105U1 0.00 000 

... 
Ul 
Ul 



COUtHRY 

AREA BURNED BY COUNTRY ANDVEGET"TION TYPE (HECTARES) 
1Il90l11191 BURN SEASON 

'e;CiaQi V!QClu11 h _.. V!QC1us2 h V!Qaanl h vegau... ~ ~a.ass Ir t.:oun!rt IT'''''ArM IBum", .. ( ... _0lIl_ IBum_ 1 ... _OIIIArM (BumArM I ... BumodOlll_ IIIuIn_XaunIOCi 0III_1kIiiI_ 1 ... _01;1_ IBum_ I ... Bumod -
DIVI!>IOIIS 

AREA bURtI~D BY DIVISION AND VEGEI "lION lYPE (HEeT ARES) 
1Il90l11191 BURN SEASON 

f-I 
U1 
0\ 



WES1EHIl IlMSIOII 

b..- vog 
0loi ArM -- .. - otII_ -- 131282 000 000 Q5101 

_c.no-aJ 2871. 2~72 7118 el772 
_EaI ~~ 221201 21109 11IOa56 01181.,. 133 000 000 .63368 
ani - 000 000 000 500616 
aniKan .... "93 3582 7US 535157 
onI_ 000 000 000 176216 
ani JarraI 000 000 000 .17UO 

tlORlllllo\NKOMSION 

vog .. 
[bind 0l0i_ 

_ ArM .. - 0lIl_ -~ 000 000 000 25132 _NuN 
.22 000 000 9383118 -. 000 000 000 I~IM 

LCMIW~cSdlbu 000 ~ 000 1025 73 
::.nInIB-. 000 000 000 110716 
U_1Iodd4lu 000 000 000 2133628 

I OW~R RIVER DIVISION 

~ voga .. ... 
.... - _ArM .. - otIIArM 

OS! 
Qiiiiilc.nl 000 000 000 752301 

EoII 000 000 ODD "3119 
1IrraWOII 000 000 000 601293 -""c.rml 000 000 000 760015 
iOiiOEIU 000 000 ODD IID7Ul 

-D 

.. ,.c.':'::'''RTH'f ISLAND DrVlSIor~ (NORTH, 

Vog .... 
Doslnd _ArM -- .. - otIIArM -- 000 000 000 II INa 13 - 000 ODD ODD 27970. .... 57189 ~~ 011 222312. 

115956 1-0233 1551 25Q5aa 

UACCAR1HYISIMIDDlVlSIOII(SOUlll) 

=vog 
55 

.... - -- .. - .... -
-= 

000 0.00 ODD 7151. 
5.011 " ". I~III 
19352 3107 1817 _75 .. 

_DWunku 000 000 ODD 3117228 

--000 
10169 
26U3 
73925 

211717 
270185 
1911723 
1911217 

.. --2293 
3il913 
5105i 
52331 
11712 

755135 

so --_lSI 
319133 
~115 
6OM66 
7929 75 

.. 

AREA BUkllED BY DISTRICT AND VEGETATION TYPE (HECTARES) 
199011991 BURN SEASON 

ViOClU. .. - 0l0i _ _ ArM .. - 0loi ArM --
000 37S11. 000 000 1173145 DOC 
312 1353511 16125 ,,., ID091I I. 37U9 

lU. 115U7 2.0118 2071 828156 117176 
15115 IIlIM 19117 11M ""56 lean 
030 696 .. , 2250118 3232 13115i 115226 
5O~ 26716 171~ 3511 CSI53 1002 78 
7951 ~57 172928 73 •• ~56 20052 
.029 176292 39623 22" 23900. MI99 

.. .. .. - 0l0i_ -- .. - 0lIl_ --895 2112~57 109510 ~175 2303~ 005 
Q52 1~31 ~1360 1373 1331712 609199 
2990 599913 '"717 2.,3 1103025 1...023 
5102 31060 ",. IU9 n~uo 1157~ 

3102 1093779 .11272 ~217 1021" .28~ 
3539 18m 79 ~oo 3585 2107901 201112 

so 50 .. - 0l0i_ -- .. - 0l0i_ --~o 30ID 155272 MI9 312852 1737.13 
11120 M07.a 11011 19as 22QIO ~5O 
11125 7166ID 2e7" M29 ~39 10.152 
1005 ~91111 236501 ~70 253212 I33U7 
715i 766511 251111 3311 247992 10lU6 

.. .. -- .. - 0lIl_ -- .. - 0l0i_ --~U 3109 75282. 201182 271 7771129 ~705 
173211 1193 _03 2Bl1~ ~27 322713 .a7l7 

1662251 7U5 855191 eN II ~1.a 866020 2.a109 
1502251 5i0l 1299012 5528. U~ 1030328 M95M 

116 391 .U 10:>03 

.. -
000 
376 

2266 
.:10 

1917 
2299 
5i67 
lUI 

194 

.. -
1771 
C7. 
132. 
150 
532 
991 

.. -
5555 
2813 
3119 
5216 
.093 

.. -
132 

12a. 
2«18 
3392 

.. 0lIl_ - .. .... - - .. -01 .111 -!JiII 305.1 1.17 2211.09 13011 5.71 
128112 .2. 1_27 ~IIU' " 17131 III 

2111292 5827 11211 ~5I 301 2271573 375 III ,. 
1~5I UD C54115 37012 115 355073 135~ 311 

0l0i_ -- .. -
13(7.89 000 000 
aa.17 175 026 

66M76 000 000 
223967 000 000 
131212 250111 301 
110989 IOU9 581 
118313 I~ 131 
39525 000 DOC 

~,,!1l81 JO;l'l; I~ 

.. 
0l0i_ -- .. -

001 000 000 
471551 59290 1257 
U3017 .,~ 056 
1,.36 .1222 776 
~53 25556 569 
920517 22380 2.3 

.. 
0lIl ArM -- .. -

1731.28 537. 3.10 
,.,109 000 000 
111539 000 000 
216501 DI8 001 
16G3O 2890 163 

50 

*- -- .. -
3U2 0.00 000 
075 000 000 
217 000 000 

11313 5720 5025 

0l0i_ - .. -25.5D 0.00 000 
3811 000 000 

.'217 ,.,. 3UI 
Will 000 000 

0lIl_ _ArM .. -
2N7~53 000 000 
1i55205 9101lO UII 
2550189 e9II15 1103 
12C351 1120118 901 
28599aa 11320 as 2210 
1W6578 ~72079 3356 
151173.2 1113627 7016 
~1981 270110 2168 
~, 

0lIl _ -- .. -
51~~ 152179 29, 

37Q589 1708133 C1 
~189 3530~ 13: 
11757.10 21DDDD II: 
25253 92 5il2o. 231 
119853 79 1~17as 231 

SU1d 
0lIl_ -- .. -
1~7IO 1191.19 52 
11897~ .52.~ 311 

W~~ ~~ :}, 
22871 M 115536 50' 

SU1d 
0lIl_ _ArM .. -

27281.39 ~70 19, 
1301095 20120 II· 
~7I 23S571lO 511 
~71 2Q0390 "I 

~II -37 , 

.... - - .. -I_C ... 311 21l 
311Q.I9 12011131 32 
mnl2 31011111 311 
1255213 100~ 5 

ConIlnuId. .. 
1-1 
Ul 
...,J 



MACARTHY ISLAND 

uPPER RIVER DIVISION (NORTIi) 

I 'PPER RIVER OMSlON (SOHTti) 

~ 
U1 
(X) 



COUN1R1 

DMSIONS 

AREA BURNED B1 COUNTR1 AND VEGETATION TYPE (HECTARES) 
1991111192 BURN seASON 

,. 
,10lIl_ fBiJrn_I,.1Iumod ITOIII_~ __ 1,.,lIumodlTiiiOIAIA 11Ium_ 1,.,_ 1T0000Aru 11Ium_ 1,.,1Iumod ITIDI_ 1 __ 11I._:::3tCllal_ I_Ana I~ButnOcI 

AREA BUf<NED B1 DMSION AND VEGEIAllON TYPE (HECIARES) 
19911111502 BURN SEASON 

.... 
U1 
\0 



160 

g :: 
'" 5 0 
;:. ~ 
~ i 

i i is ~ 
g c 

~ ~ " 0: !!! 

% :l ~ >-

0: aI ~ 
>-

"" 
0: ~ 

iii 
0: !l' 

§ w g 
w ~ 

,~ 

l: 
u 
~ ... 

~ 



UACARTHY ISl»lO 

UPPER RIVER DMSIOtIlNORTH) 

UPPER RIVER DIVISION (SOUTH) 

.... 
0'1 .... 



162 

REFERENCES 

Adams, John B. and Milton o. smith. 1986. Spectral mixture 
modeling: A new analysis of rock and soil types at the 
viking Lander 1 site. Journal of Geophysical Research, 
91(B8):8098-8112. 

Adams, John B., Milton o. smith and Alan R. Gillespie. 
1989. simple models for complex natural surfaces: A 
strategy for the hyperspectral era of remote sensing. 
In: Proceedings of IGARSS, 12th Canadian Symposium on 
Remote Sensing, 1:16-21. 

Adger, W. Neil and Katrina Brown. 1994. Land Use and the 
Causes of Global Warming. John Wiley and Sons: 
Chichester, New York, Brisbane, Toronto, Singapore. 

Andreae, Meinrat o. 1991. Biomass burning: Its history, 
use, and distribution and its impact on environmental 
quality and global climate. In, Global Biomass 
Burning, J. Levine, (ed.) The MIT Press: Cambridge, 
Massachusetts and London England, pp. 3-21. 

Avery, Thomas Eugene and Graydon Lennis Berlin. 1992. 
Fundamentals of Remote Sensing and Airphoto 
Interpretation, 5th Edition. Macmillan: New York. 

Bahre, Conrad Joseph. 1991. A Legacy of Change. Tucson: 
The University of Arizona Press. 

Burgan, R.E. and R.C. Rothermel. 1984. BEHAVE: Fire 
Behavior Prediction and Fuel Modelling system. Fuel 
subsystem, USDA Forest Service, Ogden, Utah. 

Bolin B., B.R. D55s, J. J~ger and R.A. Warrick (eds.) 1986. 
The Greenhouse Effect, Climate Change, and Ecosystems. 
John Wiley and Sons: Chichester, New York, Brisbane, 
Toronto and Singapore. 

Cahoon, D.R., B.J. Stocks, J.S. Levine, W.R. Coffer and K.P. 
O'Neill. 1992. Seasonal distribution of African 
savanna fires. Nature, 359:812-815. 

Calabri, G. and W.M. Ciesla. 1992. Global Wildlands Fire 
statistics. Food and Agriculture Organization, Rome. 



163 

Chavez Jr., P.S. 1988. An improved dark object subtraction 
technique for atmospheric scattering correction of 
multispectral data. Remote Sensing of the Environment, 
24:459-479. 

Che, N. and J.C. Price. 1992. Survey of radiometric 
calibration results and methods for visible and near 
infrared channels of NOAA-7, -9, and -11 AVHRRs. 
Remote sensing of the Environment, 41:19-27. 

Chuvieco, Emilio and M. Pilar Martin. 1994. Global fire 
mapping and fire danger estimations using AVHRR images. 
Photogrammetric Engineering and Remote Sensing, 
60(5) :563-570. 

Cooper, D.I. and G. Asrar. 1989. Evaluating 
correction models for retrieving surface 
from the AVHRR over a tallgrass prarie. 
of the Environment, 27:93-102. 

atmospheric 
temperatures 
Remote sensing 

Cross, A.M., J.J. Settle, N.A. Drake and R.T.M. Paivinen. 
1991. Subpixel measurement of tropical forest cover 
using AVHRR data. International Journal of Remote 
sensing, 12(5):1119-1129. 

Crutzen, P.J., L.E. Heidt, J.P. Krasnec, W.H. Pollock and W. 
Seiler. 1979. Biomass burning as a source of 
atmospheric gases. Nature, 282:253-256. 

Crutzen Paul J. and Meinrat o. Andreae. 1990. Biomass 
burning in the tropics: Impact on atmospheric chemistry 
and biogeochemical cycles. Science, 250:1669-1678. 

Detchmendy, D.M. and W.H. Pace. 1972. A model for spectral 
signature variability for mixtures. In: Proceedings 
Earth Resources Observations and Information Analysis 
Conference. Tullahoma, Tennessee, 596-620. 

Di, Liping and Donald C. Rundquist. 1994. A one step 
algorithm for correction and calibration of AVHRR level 
1b data. Photogrammetric Engineering and Remote 
Sensing, 60(2):165-171. 

Donnelly, R.E. and J.B. Harrington. 1978. Forest Fire 
History Maps of Ontario, Report FF-Y-6, Forest Fire 
Research Institute, Canadian Forest Service, Department 
of the Environment, ottawa, ontario. 



164 

Erdas. 1991. Erdas Field Guide, 2nd edition, ver 7.5. 
ERDAS, Inc: Atlanta. 

Foody, Giles M. 1994. Ordinal level classification of sub
pixel tropical forest cover. Photogrammetric 
Engineering and Remote Sensing, 60(1):61-65. 

Foody, G.M. and D.P. Cox. 1994. Sub-pixel land cover 
composition estimation using a linear mixture model and 
fuzzy membership functions. International Journal of 
Remote Sensing, 15(3):619-693. 

Frederiksen, P., S. Langaas and M. Mbaye. 1990. NOAA-AVHRR 
and gis-based monitoring of fire activity in Senegal -
a provisional methodology and potential applications. 
In: Fires in the Tropical Biota, J.G. Goldammer (ed.), 
Ecological Studies: Springer-Verlag, Berlin, pp. 400-
416. 

George, Hubert, Assize Toure and Racine Kane. 1993. A 
Methodology for correcting Over-Estimation of Burnt 
Area in Maps Derived from NOAA Imag~ry. Centre de 
Suivi Ecologique, Dakar, Senegal. 

Germeraad, J.H., C.A. Hopping and J. Muller. 1968. 
Palynology of tertiary sediments from tropical areas. 
Rev. Palaeobot. Palynol., 6:189-348. 

Gillespie, A.R., M.O. Smith, J.B. Adams, S.C. Willis, A.F. 
Fischer III and D.E. Sabol. 1990. Interpretation of 
residual images: Spectral mixture analysis of AVIRIS 
images, Owens Valley, California. In: Proceedings 
Airborne Science Workshop: AVIRIS. JPL, Pasadena, 
California. 28pgs. 

Goetz, Alexander F.H., Gregg Vane, Jerry E. Solomon and 
Barrett N. Rock. 1985. Imaging spectrometer for Earth 
remote sensing. Science, 228(4704):1147-1153. 

Hall and Scurlock. 1990. Climate change and productivity 
of natural grasslands. Annals of Botany, 

Hallum, C.R. 1972. On a model for optimal proportions 
estimates for category mixtures. In: Proceedings 8th 
International symposium on Remote Sensing of 
Environment, 951-958. 



165 

Harris, David R. 1966. Recent plant invasions in the arid 
and semi-arid southwest of the united states. Annals 
of the Association of American Geographers, 56:408-422. 

Hay, R. and s. Marsh. 1994. The Gambia: Burn scar mapping. 
A Technical Report to the united states Agency for 
International Development. Office of Arid Lands 
studies, university of Arizona: Tucson. 

Hirsh, S.N., R.F. Kruckeburg and F.H. Maden. 1971. The bi
spectral forest detection system. In: Proceedings 7th 
International symposium on Remote Sensing of the 
Environment, 2253-2259. 

Hlavka, Christine A. and Michael A. Spanner. 1995. 
unmixing AVHRR imagery to assess clearcuts and forest 
regrowth in Oregon. IEEE Transactions on Geoscience 
and Remote Sensing, 33(3):788-795. 

Holben, Brent N. and Yosio E. Shimabukuro. 1993. Linear 
mixing model applied to coarse spatial resolution data 
from multispectral satellite sensors. International 
Journal of Remote sensing, 14(11):2231-2240. 

Horowitz, Harold M., Richard F. Nalepka, Peter D. Hyde and 
James P. Morgenstern. 1971. Estimating the 
proportions of objects within a single resolution 
element of a multispectral scanner. In: Proceedings 
7th International symposium on Remote Sensing of 
Environment, 1307-1320. 

Houghton, J.T., G.J. Jenkins and J.J. Ephraums (eds). 1990. 
Climate change: The IPCC Scientific Assessment. 
Cambridge University Press, Cambridge. 

Huguenin, Robert. 1994. Subpixel analysis: Process 
improves accuracy of multispectral classifications. 
Earth Observations Magazine, July 1994. 

Huh, Oscar Karl. 1991. Limitations and capabilities of the 
NOAA satellite advanced very high resolution 
radiometer (AVHRR) for remote sensing of the Earth's 
surface. Preventive veterinary Medicine, 11:167-183. 

Hutchinson, Peter. 1985. Short communication: Rainfall 
analysis of the Sahelian drought in The Gambia. 
Journal of Climatology, 5:665-672. 



166 

ICITV. 1976. Methodologie d'une Classification: 
Application in Teledetection. Institut de la Carte 
Internationale du Tapis Vegetal. Toulouse, Raport pour 
Unesco/FAO, 95 p. 

Iverson, L.R., E.A. Cook and R.L. Graham. 1989. A 
technique for extrapolating and validating forest cover 
across large regions: Calibrating AVHRR data with TM 
data. International Journal of Remote Sensing, 
10(11):1805-1812. 

Jakubauskas, Mark E., Kamlesh P. Lalia and Paul W. Mausel. 
1990. Assessment of vegetation change in a fire 
altered forest landscape. Photogrammetric Engineering 
and Remote Sensing, 5(3):371-377. 

Jensen, J.R. 1986. Introductory Digital Image Processing. 
Prentice-Hall: Englewood Cliffs, New Jersey. 

Jijia, Z., Z. Quingshan, D. Chaggong, L. Cheng, and D. 
Chaohua. 1989. Detection of forest fire in Da Hinggan 
Ling region by meterological satellite. Acta 
Meteorologica sinica, 3:562-568. 

Kasischke, E.S., N.H. French, P. Harrel, N.L. Christensen, 
S.L. ustin, and D. Barry. 1993. Monitoring of 
wildfires in boreal forest using large are AVHRR-NDVI 
composite image data. Remote Sensing of Environment, 
45:61-71. 

Kaufman, Y.J., A. Setzer, C. Justice, C.F. Tucker, M.C. 
Pereira and J. Fung. 1990. Remote sensing of biomass 
burning in the tropics, In: Fires in the Tropical 
Biota, J.G. Goldammer (ed.), Ecological Studies: 
springer-Verlag, Berlin, pp. 373-399. 

Kaufman, Y.J., A. Setzer, D. Ward, D. Tanre, B.N. Holben, P. 
Menzel, M.C. Pereira and R. Rasmussen. 1992. Biomass 
buning airborne and spaceborne experiment in the 
Amazonas. Journal of Geophysical Reserarch, 97:14581-
14599. 

Kaufman, Y.J. and B.N. Holben. 1993. Calibration of the 
AVHRR visible and near-IR bands by atmospheric 
scattering, ocean glint and desert reflection. 
International Journal of Remote Sensing, 14(1):21-52. 



167 

Kennedy, P.J., A.S. Belward and J-M Gregoire. 1993(in 
press). An improved approach to fire monitoring in 
west Africa using AVHRR data. International Journal of 
Remote sensing, 14 pgs. 

Kennington, R.K., C.T. Sorenson and R.P. Heydorn. 1984. A 
mixture model approach for estimating crop areas from 
Landsat data. Remote Sensing of Environment, 14:197-
206. 

Kerdiles H. and M.O. Grondona. 1995. NOAA-AVHRR NDVI 
decomposition and subpixel classification using linear 
mixing in the Argentinean Pampa. International Journal 
of Remote Sensing, 16(7):1303-1325. 

Komarek, E.V. 1972. Ancient fires. In Proceedings of the 
Annals Tall Timbers Fire Ecology Conference, 11:473-
511. 

Korotkov, A.V. and T.J. Peck. 1993. Forest resources of 
the industrialized countries: An ECE/FAO assessment. 
Unasylva, 44:20-30. 

Langass, Sindre. 1992. Temporal and spatial distribution 
of savanna fires in Senegal and The Gambia, West 
Africa, 1989-1990, derived from multi-temporal AVHRR 
night images. International Journal of Wildland Fire, 
2:21-36. 

Langass, sindre and Racine Kane. 1991. Field spectroscopy 
of fire scars in savannah woodland in support of 
satellite based mapping. Remote Sensing of 
Environment, submitted. 

Langaas, Sindre and Keith Muirhead. 1988. 'Monitoring' 
bushfires in west Africa by weather satellite. 
Presented at the TWenty-Second International Symposium 
on Remote Sensing of the Environment, Abidjan: cote 
d'Ivoire. 

Lee, T.F. and P.M. Tag. 1990. Improved detection of 
hotspots using the AVHRR 3.7 ~m channel. Bulletin 
American Meteorological society, 71:1722-1730. 

Lillesand, Thomas M. and Ralph W. Kiefer. 1987. Remote 
sensing and Image Interpretation, 2nd ed." John Wiley 
and Sons: New York, Chichester, Brisbane, Toronto and 
singapore. 



168 

Lopez, S., F. Gonzalez, R. Llop and J.M. Cuevas. 1991. An 
evaluation of the utility of NOAA AVHRR images for 
monitoring forest fire risk in Spain. International 
Journal of Remote Sensing, 12(9):1841-1851. 

Malingeau, J.P. and C.J. Tucker. 1987. The contribution of 
AVHRR data for measuring and understanding global 
processes: large scale deforestation in the Amazon 
basin. proceedings IGARRS 1987 Ann Arbor, Michigan 18-
21 May, pp443-448. 

Marsh, Stuart E., Paul Switzer, William S. Kowalik and 
Ronald J.P. Lyon. 1980. Resolving the percentage of 
component terrains within single resolution elements. 
Photogrammetric Engineering and Remote Sensing, 
46(8):1079-1086. 

Martin, M.P. and E. Chuvieco. 1993. Mapping and evaluation 
of burned land from multi temporal analysis of AVHRR 
NOVI images. In: Proceedings of the International 
Workshop on Satellite Technology and Geographic 
Information systems for Mediterranean Forest Mapping 
and Fire Management, Thessaloniki (in press). 

Mather, John R. and Galina V. Sdasyuk, eds. 1991. Global 
change: Geographical Approaches. University of Arizona 
Press: Tucson, Arizona. 

Matson, M. and B. Holben. 1987. 
tropical burning in Brazil. 
Remote Sensing, 8:509-546. 

Satellite detection of 
International Journal of 

McClain, E.P., W.G. Pichel, C.C. Walton, Z. Ahmak and J. 
Sutton. 1983. Multi-channel improvements to 
satellite-derived global sea surface temperatures. 
Advanced Space Research, 2(6):43-47. 

Menaut, Jean-Claude, Luc Abbadie, Francios Lavenu, Philippe 
Loudjani and Ala~n Podaire. 1991. Biomass burning in 
West African savannas. In: Global Biomass Burning, J. 
Levine (ed.). MIT Press: Cambridge, Massachusetts and 
London, England. 

Merenyi, Erzsebet. 1994. Mixer's Memo. University of 
Arizona, Lunar and Planetary Laboratory. 



169 

Murthy, M.S.R., Biswadip Gharai, K.V.S Badarinath and C.B.S. 
Dutt. 1994. Forest fire monitoring in the simlipal 
reserve forests of orissa using multi-date irs-1b data. 
Interface, 5(4):7-8. 

National Oceanic and Atmospheric Administration. 1991. 
NOAA Polar Orbiter Data User's Guide. Katherine B. 
Kidwell (ed.), Department of Commerce: Washington, D.C. 

Nicholson, S.E. 1983. Sub-Saharan rainfall in years 1976-
80: Evidence of continued drought. Mon. Weater Review, 
107:620. 

Office of Remote Sensing. 1986. Mapping of the Surface 
Resources of The Gambia. Office of Remote sensing, 
South Dakota State University. SDSU-ORS-86-04, 62 
pages. 

Ottle, C. and D. Vidal-Madjar. 1992. Estimation of land 
surface temperature with NOAA9 Data. Remote sensing of 
the Environment, 40:27-41. 

Paltridge, G.W. and J. Barber. 1988. Monitoring grassland 
dryness and fire potential in Australia with NOAA/AVHRR 
data. Remote Sensing of Environment, 25:381-394. 

Pfirman, Eric. 1995. AVHRR scan line interpreter. Eric 
Pfirman Program Library; Office of Arid Lands studies, 
Tucson, Arizona. 

Possolo, Antonio, John Adams and Milton smith. 1989. 
Mixture models for multispectral images. Journal of 
Geophysical Research, submitted. 

Price, John C. 1984. Land surface temperature measurements 
from split window channels of the NOAA 7 advanced very 
high resolution radiometer. Journal of Geophysical 
Research, 89(D5) :7231-7237. 

Pereira, M.C. and A. Setzer. 1993. Spectral 
characteristics of deforestation fires in NOAA/AVHRR 
images. International Journal of Remote Sensing, 
14(3):583-587. 

Quarmby, N.A. 1992. Towards continental scale crop area 
estimation. International Journal of Remote sensing, 
13(5):981-989. 



170 

Quarmby, N.A., J.R.G. Townshend, J.J. Settle, K.H. White, M. 
Milnes, T.L. Hindle and N. Silleos. 1992. Linear 
mixture modelling applied to AVHRR data for crop area 
estimation. International Journal of Remote Sensing. 
13(3):415-425. 

Rao, C.R.N., J. Chen, F.W. staylor, P. Abel, Y.J. Kaufman, 
E. Vermote, W.R. Rossow and C. Brest. 1993. 
Degradation of the visible and near infrared channels 
of the Advanced Very High Resolution Radiometer on the 
NOAA-9 spacecraft: Assessment and recommendations for 
corrections. NOAA Technical Report NESDIS 70, U.S. 
Department of Commerce, Washington, D.C. 

Richardson, A.J., C.L. Wiegand, H.W. Gausman, J.A. Cuellar 
and A.H. Gerbermann. 1975. Plant, soil, and shadow 
reflectance components of row crops. Photogrammetric 
Engineering and Remote sensing, 41(11):1401-1407. 

Robel, Jeffrey M. 1991. NOAA's AVHRR archive. Geocarto 
International, 6:60-64. 

Robinson, Jennifer M. 1989. On uncertainty in the 
computation of global emissions from biomass burning. 
Climatic change, 14:243-262. 

Robinson, Jennifer M. 1990. Problems in global fire 
evaluation: Is remote sensing the solution? In: Global 
Biomass Burning, J. Levine (ed.). MIT Press: 
cambridge, Massachusetts and London, England. 

Roller, Norman E.G. and John E. Colwell. 1986. Coarse 
resolution satellite data for ecological surveys. 
BioScience, 36(7):468-475. 

Rose-Innes, R. 1972. Fire in west African vegetation. 
Proceedings of the Tall Timbers Fire Ecology 
Conference, 11:147-173. 

Sadar, S.A., T.A. Stone and A.T. Joyce. 1990. Remote 
sensing of tropical forests: An overview of research 
and applications using non-photographic sensors. 
Photogrammetric Engineeering and Remote Sensing, 
56:1343-1351. 

Salisbury, John W. and Dana M. D'Aria. 1992. Emissivity of 
terrestrial materials in the 8-14 ~m atmospheric 
window. Remote Sensing of Environment, 42:83-106. 



schowengerdt, Robert A. 1983. Techniques for Image 
processing and Classification in Remote Sensing. 
Academic Press, Inc.: Orlando, San Diego, New York, 
London, Toronto, Montreal, Sydney and Tokyo. 

schlesinger, W.H. 1991. Biogeochemistry: An Analysis of 
Global Change. Academic Press, London. 

171 

Shimabukuro, Yosio Edemir, Joao Roberto Dos Santos, David 
Chung Liang Lee and Marcos Da Costa Periera. 1991. 
Dados sensoriados no monitoramento e avaliacao de areas 
queimadas: 0 caso do parque nacional de emas (go). 
pesquisa Agropecuaria Brasliera, 26(10):1589-1598. 

Sedjo, R.A. 1992. Temperate forest ecosystems in the 
global carbon cycle. Ambio, 21:274-277. 

seiler, W. and P.J. Crutzen. 1980. Estimations and net 
fluxes of carbon between the biosphere and the 
atmosphere from biomass burning. Climatic Change, 
2:207-247. 

Settle, J.J. and N.A. Drake. 1993. Linear mixing and the 
estimation of ground cover proportions. International 
Journal of Remote Sensing, 14(6):1159-1177. 

Setzer, A.W. and M.C. Pereira. 1991a. Operational 
detection of fires in Brazil with NOAA-AVHRR. In: 
Proceedings 24th International Symposium on Remote 
sensing of Environment, Rio de Janeiro, pp. 469-482. 

• 1991b. Amazonian biomass 
----~----~--~--~~=---~-----burnings in 1987 and an estimate of their tropospheric 

emissions. Ambio, 20:19-23. 

smith, M.O., P.E. Johnson, J.B. Adams. 1985. Quantitative 
determination of mineral types and abundances from 
reflectance spectra using principal component analysis. 
Journal of Geophysical Research, 90:C797-C804. 

SNRBARP. 1995. Senegal Natural Resource Based Agricultural 
Research Project, Long Term Training, winter Seminar. 
Conducted by the Consortium of International 
Development, Tucson, Arizona. 

Stearns, J.R., M. Zahniser, C.E. Kolb, and B.P. Sandford. 
1989. Airborne infrared observations and analysis of a 
large forest fire. Applied Optics, 25:2554-2562. 



172 

Tans, P.P., I.Y. Fung and T. Takahashi. 1990. 
Observational constraints on the global atmospheric CO2 
budget. science, 247:1431-1438. 

Teillet, P.M. 1990. Three methods for absolute 
calibrationf NOAA AVHRR sensors in flight. Remote 
Sensing of the Environment, 31:105-120. 

Teillet, P.M., P.N. Slater, Y. Ding, R.P. Santer, R.D. 
Jackson, and M.S. Moran. 1990. Three methods for the 
absolute calibration of the NOAA AVHRR sensors in 
flight. Remote Sensing of the Environment, 31:105-120. 

Trochain, J. 1957. Accord interafricain sur la definition 
des types de vegetation de l'Afrique tropicale. Bull. 
Inst. Et. centrafri, Nouv. Sere pp. 55-93. 

UNESCO/White. 1983. Vegetation Map of Africa. UNESCO: 
Paris. 

USAID/Banjul. 1993. Establishment of Baseline Indicators 
for Range and Forest Burning. Proposal, USAID/Banjul. 

Wagner, Mary Jo. 1994. Satellites play multiple roles in 
battling fires. Earth Observation Magazine, Aug 
1994:40-43. 

Whitmore, T.C. 1990. An Introduction to Tropical 
Rainforests. Oxford University Press, Oxford. 

Wiegand, C.L., H.W. Gausman, J.A. Cuellar, A.H. Gerbermann 
and A.J. Richardson. 1974. Vegetation density as 
deduced from ERTS-l MSS response. Third ERTS 
symposium, NASA SP-351, 1(A):93-116. U.S. Government 
printing Office: Washington, DC. 

Work, Edgar A. and David S. Gilmer. 1976. utilization of 
satellite data for inventorying prairie ponds and 
lakes. Photogrammetric Engineering and Remote Sensing, 
42(5):685-694. 


