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ABSTRACT 

 

 
The assessment of rehabilitation success is time consuming and costly for bauxite 

miners because large areas of land (~550 ha per year) are involved. In some cases, 

rehabilitation results in patches of bare or sparsely vegetated soil. This study uses 

remote sensing imagery to evaluate the growth of vegetation in rehabilitated bauxite 

mines in the Darling Range, W.A. This work has five aims, which are to (1) compare 

vegetation biomass within rehabilitated areas and nearby native forest; (2) analyse 

temporal changes in vegetation growth within the selected rehabilitated areas, in 

particular rehabilitated areas with patches of bare soil; (3) compare vegetation growth 

pre- and post- mining; (4) identify the best type of remotely sensed data for this 

particular study area, and (5) develop an index, which can classify the degree of 

vegetation patchiness within rehabilitated mine sites. This information will enable 

rehabilitation workers to identify patches in rehabilitated areas that may require further 

remediation. 

 

The study used RADARSAT, nine years of Normalised Difference Vegetation Index 

(NDVI) maps (extracted from LANDSAT TM multivariate imagery and Quickbird 

imagery) and aerial photographs to evaluate forty-seven ~1 ha study sites. Image and 

map analyses were conducted mainly using ESRI’s software ArcGIS 8.3 and ER 

Mapper 6.4. Ground truthing was carried out to confirm and recognise the causes of 

bare patches within the rehabilitated mine sites. A rehabilitated area is classified as a 

“patchy rehabilitated area” if one or more patch of bare soil is visible in the images 

(aerial photographs and Landsat TM) and persisted over several years. 

 

The study found that the four-year-old rehabilitated areas have higher NDVI values 

(mean NDVI 47.1 ±4.4) than native forest (mean NDVI 35.1 ±2.9). There is a positive 

relationship between vegetation index values and time since rehabilitation for non-

patchy and patchy rehabilitated areas. After approximately 8 to 10 years of plant 

growth, in rehabilitated areas, NDVI becomes saturated causing a plateau in the 

temporal trend. For non-patchy rehabilitated areas, the range of NDVI values decreases 

with time. For patchy rehabilitated areas, the range of NDVI values increases or stays 

high with time, until the bare patches become vegetated. This difference in behaviour 

 v



becomes evident after approximately 2 years of growth. There is no trend in vegetation 

index values with time for native forest. In addition, no relationship exists between 

NDVI values and the rainfall occurring at various times prior to capture of the image. 

  

The Rehabilitation Patchiness Index (RPI) developed in this study is able to detect and 

determine the degree of vegetation patchiness within a particular site. RPI is made up of 

mean and range vegetation index (VI) values for a study site and the maximum VI value 

for that particular image. No temporal trend in RPI was observed for the nearby native 

forest. The RPI values for non-patchy rehabilitated mine sites are higher than for the 

native forest. For example, for two sites in rehabilitated and native forest, which are 

located adjacent to one another, for year 2003, the RPI for rehabilitated areas is 50, 

whereas for the native forest is 17. Rehabilitated areas with bare patches are associated 

with negative to low RPI values. In contrast to the high values for uniform vegetation, 

RPI was used to evaluate rehabilitated areas of different age and management. The 

results indicate that differences in rehabilitation management do not affect this index but 

the extent of bare patches does. 

 

Due to the sensitivity of radar imagery to surface roughness, rehabilitated areas cannot 

be distinguished from the native forest using radar images. A building (crusher) appears 

to be the same as mature vegetation. Knowledge of the features in an area is therefore 

crucial when utilising RADARSAT. The beam elevation angle and profile of the 

RADARSAT image used, made superimposition of radar and optical imageries 

impossible. Speckle noise in RADARSAT images made it impossible to detect 

relatively small bare patches. In addition, the many cloud free days in Western Australia 

make optical imaging possible so that the ability of radar imagery to penetrate cloud is 

redundant for this type of study. 
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CHAPTER 1 

 

GENERAL INTRODUCTION 
 

 

1.1 Background Information 

Alcoa World Alumina Australia mines and rehabilitates around 450 ha per year on the 

Darling Plateau in Western Australia at Huntly and Willowdale (Refer to Figure 1.1). 

The rehabilitation process commences with reshaping of the pit to mimic the 

surrounding natural landscape and this is achieved by battering down the 2 to 5 metre 

high pit walls to a maximum slope of 18 degrees. The overburden is then respread 

followed by thin layer of “fresh” topsoil (generally 10 to 15 cm in depth). Rock, tree 

stumps and logs are then returned to provide a habitat for fauna.  
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Figure 1.1 Map showing the location of Alcoa’s four sites. Jarrahdale and Del 

Park are now closed and rehabilitated



Deep ripping then takes place using a D10 bulldozer with a winged tine to a depth of 

1.5 metre with approximately 2m spacing along the contour lines (Figure 1.2 and 1.3). 

These contour channels are vital for preventing runoff of rainfall, soil erosion and also 

assist root penetration. Next, seeds of both the tree and understorey species 

(approximately 5kg of seed per hectare) are spread in the rehabilitated mine pit. A 

fertiliser mix (approximately 500kg per hectare) is then applied in late winter or early 

spring using a helicopter.  

 

Figure 1.2 D10 Bulldozer with a winged tine 
developed by ALCOA (Gardner, 2001)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3  Photographs showing rehabilitated areas within the ALCOA bauxite mine sites 
(Dwellingup, WA) age 1 year old (left) and 14 year old (right) (Gardner, 2001) 
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Various monitoring programmes are then carried out in the rehabilitated areas, including 

an initial nine month monitoring to ensure an adequate stocking of trees and 

understorey. Rehabilitated areas are also examined for erosion problems. Once the 

rehabilitation is 15 months old, botanical richness is measured, in 80m2 plots which are 

randomly placed at each site.  

 

The rehabilitated mine pits range in size from one to tens of hectares making the 

assessment of rehabilitation success time consuming and costly for bauxite miners. In 

some cases, bare patches of sparsely vegetated soil persist within the rehabilitated mine 

pits. Bare patches may be caused by several factors, including shallow soil above 

bedrock, waterlogging, mismanagement as well as fire (Jeltch et al, 1997), animal 

disturbance (Pickett and White, 1985) and disease. Several studies have suggested that 

such diversity in rehabilitated areas may be desirable as it maintains species diversity 

(Connel, 1978; Petraitis et al., 1989). However it can also lead to loss of species (Van 

de Koppel et al., 2002), hence the need for continual monitoring. Bare patches cannot be 

mapped on the ground because they are located within areas of dense vegetation. A way 

to address this problem is by utilising aerial photographs and remotely sensed data 

(Clos-Arceduc, 1956; Woral, 1960; Wilson and Sader, 2002; Apan et al., 2002; Bastin 

et al., 2002). The utilisation of these imageries for this type of application has increase 

worldwide because of the large area coverage and ease of image manipulation, storage 

and retrieval. 

 

1.2 Objectives 

A remotely sensed image is fundamentally the observation of a particular object/s (soil, 

vegetation) from a distance, such as is acquired from aircraft and Earth observation 

satellites (e.g. Landsat TM, SPOT). The spectral information embedded in these satellite 

imageries can be  manipulated to produce vegetation indices (e.g. Simple Ratio (SR) 

(Jordan, 1969), Normalised Difference Vegetation Index (NDVI) (Rouse et al. 1974),   

Soil-adjusted Vegetation Index (SAVI) (Huete, 1988), which may for example be 

predictive of Leaf Area Index (LAI) for forest ecosystems (Prince, 1991), and crops 

(Sellers, 1985; Sellers et al. 1992). Published studies have analysed vegetation growth 

in rehabilitated bauxite mines (particularly rehabilitated area with bare patches) using 

remotely sensed data. 

The aims of this study are to use remotely sensed images to:  

(1) Compare vegetation index in rehabilitated areas and nearby native forest,  
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(2) Analyse temporal changes in vegetation growth within rehabilitated areas, in 

particular rehabilitated areas with patches of bare soil,  

(3) Compare pre- and post- mining vegetation growth,  

(4) Compare and find the best type of remotely sensed data for these applications, 

and 

(5) Develop an index based on remote sensed data, which can classify the degree of 

vegetation patchiness within rehabilitated mine sites.  

 

This study will mainly use the Normalised Difference Vegetation Index (NDVI) (Rouse 

et al. 1974) to estimate vegetation growth within the rehabilitated mine pits and nearby 

native forest.  

In an attempt to overcome rapid saturation of NDVI for mature vegetation, this study 

also considers the Corrected Normalised Difference Vegetation Index  (NDVIc) 

(Nemani et al., 1993). In addition to the two vegetation indices derived from the 

multispectral Landsat Thematic Mapper (TM) data, other forms of NDVI as well as 

NDVI derived from QuickBird data will also be analysed. 

 

Past studies have indicated that there is a strong relationship between rainfall and NDVI 

(Davenport and Nicholson, 1993; Hess et al. 1996 ; Damizadeh and Gieske, 2001; and 

Wang et al, 2001) particularly within a region with an annual rainfall below 1000mm 

(Davenport and Nicholson, 1993). This study will consider the effect of rainfall 

(moisture) occurring at different periods prior to the capture of image. The sensitivity to 

rainfall of the vegetation indices NDVI and NDVIc as well as Normalised Difference 

Moisture Index (NDMI) (Hunt et al. 1987) will be assessed.  

 

To produce reliable values of NDVI, the presence of sun with zero cloud coverage for 

the Landsat TM image are essentials. For radar imagery, the presence of cloud coverage 

or smoke and the time of day  do not affect the measurement, this is because the “active 

sensor transmits a microwave energy pulse to the surface of the earth and records the 

radiation reflected back to the satellite with microwave radiation being insensitive to 

cloud and smoke. In several studies, radar imagery has shown promising results for 

measuring biomass (e.g. Sader, 1987; Dobson et al. 1992; Ranson et al. 1997; Saatchi et 

al. 1997; Luckman et al. 1998; and Townsend 2002). The potential of radar imagery to 

locate bare patches within rehabilitated bauxite mine sites will be assessed using data 

from the Canadian satellite, RADARSAT.  
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CHAPTER 2 

 

LITERATURE REVIEW 
 

 

2.1 General Introduction 

In most cases, where mining activity takes place, landscapes and the ecosystems 

become drastically altered. Prior to bauxite mining, all vegetation is removed and the 

soils are removed in 2 layers, the topsoil layer of about 10 – 15 cm and the overburden, 

which is approximately 40 cm deep (Ward, 2000). Mining removes several metres of 

bauxite. The overburden is usually located alongside the pit whereas the topsoil is either 

stockpiled or spread on another mined-out area (Ward, 2000). During the rehabilitation 

process, new soil profiles are developed with considerable mixing of soil horizons 

(Ward, 2000).  

 

The processes occurring during the rehabilitation period are clearly intended to restore 

the rehabilitated forest to its natural state and several outcomes may arise, such as 

changes in the abundance and composition of animal and plant species, full or partial 

restoration of habitat, various degrees of vegetation patchiness including death of trees. 

This review is only concerned with vegetation patchiness in rehabilitated and adjacent 

forest areas. 

 

Although several factors have been suggested as causing vegetation patchiness, no firm 

conclusions have yet been made. Suggestions include, vegetation patchiness being due 

to variations in the texture of the parent materials (Boaler and Hodge ,1962). A  model 

produced by Hillerislambers et al. (2001) suggested heterogeneity of soil and 

topography is not the essential condition for patchiness but that feedback between plant 

density and water infiltration is essential. Kellner and Bosch (1992) suggested that 

patchiness is due to selective grazing by herbivores. Jeltsch et al. (1997) linked 

vegetation patchiness to fire and grazing as well as to natural relationships, such as 

competition and colonization.  

 

The size of patchy vegetation occurances can vary from one to hundreds of kilometres 

in scale (Belsky, 1989; Tongway and Ludwig, 1990; Bromley et al. 1997; 



 6

Hillerislambers et al. 2001) and may occur on flat ground or gentle slopes 

(Hillerislambers et al. 2001).   

 

In general, patchiness is linked with unhealthy or perturbed growth of forest, however 

some studies used vegetation patchiness to indicate the functionality of a landscape 

(Bastin et al. 2002), moreover a certain degree of patchiness was found to be associated 

with greater species diversity (Bhuju and Ohsawa, 2001), this will be discussed later in 

this review.  

 

Direct field measurement of the degree of vegetation patchiness is very time consuming 

and expensive (Valentin et al. 1999), especially when it involves large areas. 

Fortunately, with modern technology, this problem can be addressed. Software tools 

including GIS (Geographic Information System) coupled with remote sensed images are 

able to explore and compute areas regardless of size and to do so quickly, frequently 

and accurately.  

 

GIS and remote sensed images have been utilised for variety of research including, 

assisting in the integration of dieback management procedures and other environmental 

conditions into the mine planning process (Elliot and Wake, 1991), mapping 

deforestation and land use in the Amazon rainforest (Saatchi et al. 1997), monitoring of 

wetland vegetation distribution at Kashiro Mire (Yasuoka et al. 1995), indicating 

reclamation success (Jasper et al. 1998), measuring and evaluating landscape changes 

(Cheng and Jan, 2000) and monitoring agricultural crop and soil conditions (Moran et 

al. 2002). Obviously, remote sensing is highly advantageous for such uses, however, 

how useful and accurate are these images in representing Leaf Area Index and other 

measures of biomass? To what extent can they inform and differentiate forest from non-

forest areas?  These issues will be addressed later in this review. 

 

2.2 Nature of Vegetation Patchiness 

In this review, vegetation patchiness refers to an area with sparsely vegetated or bare 

soil within a more highly vegetated area. In rehabilitated areas, there are many factors 

that may contribute to vegetation patchiness; management, topography and 

heterogenous soil properties are some of them (Carmel and Kadmon, 1999; Klausmeier, 

1999; Valentin et al. 1999, d’Herbes et al. 2001). 

 



Alternating bands between vegetation and bare ground are often aligned along contours 

with very gentle slopes ranging from 0.2 – 2 %, especially within semi arid and arid 

regions (Bromley et al. 1997; Carmel and Kadmon, 1999; Valentin et al. 1999) or where 

overland flow cannot concentrate (Bromley et al. 1997).  Moreover, under given 

climatic conditions, slope gradient is believed to determine the type of vegetation 

pattern (Valentin, 1999). Study by Hillerislambers et al. (2001) however showed that 

topography and underlying heterogeneity are not the essential conditions for formation 

of this pattern, but that positive feedback between plant density and local water 

infiltration together with spatial redistribution of runoff water are. Such “Positive 

feedback” is often included in hypotheses concerning possible agents for formation of 

vegetation patterns (Belsky 1986; Ludwig and Tongway, 1995; Bromley et al. 1997 and 

Rietkerk et al. 2000). The nature of this positive feedback is that plants at higher 

densities have more water infiltrating into the soil than those at lower plant densities. In 

vegetation mosaics, rain falling on bare patches will barely infiltrate and much will run 

off. This runoff will eventually accumulate at points of higher plant density, where it is 

trapped and can infiltrate. The model developed by Hillerislambers et al. (2001) 

recognised this process, as no pattern formation could develop without it.  This process 

explains the appearance of vegetation patchiness, not only on slopes but also on flat 

ground. 

To understand vegetation pattern formation, Hillerislambers et al. (2001) analysed a 

model consisting of partial differential equations using Turing analysis (1952). In their 

model, three dynamics of state variables in time and space were described; surface 

water (rainfall, infiltration rates and runoff/on processes), soil water (infiltration rates, 

water uptake by plants, evaporation, drainage and subsurface flow) and plant density 

(plant growth, natural mortality rate and herbivore-induced loss rate and plant 

dispersal through seed or vegetative propagation), giving 13 parameters. Following 

scaling of the model (equations and coefficients available in appendix 1.) and 

perturbation of parameters, a phase plane picture showing the three variables was 

created. The conditions under which plants can or cannot exist were derived from the 

expressions: 
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These boundaries and system states further illustrate that different level of plant 

dispersal and herbivory affect vegetation patterns. Firstly, for low-plant dispersal, an 

increase in herbivory leads from a region with closed-vegetation cover to region with 

patterns forming and finally to bare soil (vegetation could not exist). For a high level of 

plant dispersal however, the chance of pattern formation is drastically reduced and bare 

patches form rapidly (Refer to Figure 2.1) (i.e. higher levels of plant dispersal have a 

negative effect on pattern formation). The findings of Rietkerk et al. (2002) supported 

this theory, closed-vegetation cover and bare soil were associated with low and high 

level of herbivory impact, respectively, and vegetation patterning formed at an 

intermediate level of impact. 

Assuming this theory is valid, vegetation pattern formation can be perceived to be a 

buffer against sudden vegetation collapse and also that vegetation pattern formation is 

reversible, if herbivory activity decreases. 

 
Figure 2.1 Phase plane diagram showing the three states: (1) closed vegetation cover, (2) 

bare soil and (3) pattern formation.  Dashed line A represents high plant dispersal, dashed 

line B represents low plant dispersal and dashed line C represents increase in plant 

dispersal with herbivory (Hillerislambers et al. 2001). 

 

A similar study involving positive feedback was carried out by Van de Koppel et al. 

(2002) their model investigated the mechanisms responsible for irreversible vegetation 
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shifts on a scale of hectares, instead of reversible vegetation trends, which is explainable 

only for disturbance affecting a small proportion of the vegetation. The Hillerislambers 

et al. (2001) model suggests that although it is possible for vegetation to collapse at the 

scale of patches (square metres), the spatial redistribution of surface water prevents 

irreversible vegetation collapse at a larger scale (hectares) whereas the Van de Koppel 

et al. (2002) model suggests that irreversible vegetation collapse at this scale is possible.  

 

The Van de Koppel et al. (2002) model does not account for the levels in herbivory, but 

is concerned with the redistribution of herbivory. Indeed, the model shows that 

redistribution of herbivores and surface water affects vegetation patterns, through two 

spatial feedback processes (a negative and positive feedback). Negative feedback is 

created by the reduction in plant cover and increased plant growth in remaining 

vegetation (i.e. loss of plant cover in certain area leads to increase availability of water 

in the remaining vegetated patches). The reduction in plant cover further result in the 

herbivory activity being concentrated on the remaining vegetation, this results in 

positive feedback between the reduced plant cover and increased losses due to grazing 

of the remaining vegetated patches, eventually leading to the collapse of the entire 

vegetation. Further field investigation is necessary to evaluate these theories. Only 

moderate grazing activity occurs within rehabilitated areas in the Darling Range making 

these feedbacks insignificant in the formation of bare patches in rehabilitated bauxite 

mines. 

 

Natural or human disturbance is another factor contributing to vegetation patchiness 

(Hillerislambers et al. 2001). Rehabilitated  bauxite mines are exposed to both types of 

disturbance, natural including animal activity, wind erosion and trampling (vehicle or 

human) (Bhuju and Ohsawa, 1999), mismanagement (uneven seeding, non-uniform 

fertilisation, planting incompatible species). Moreover, severe disturbances that reduce 

vegetation cover beyond a threshold level may lead to the collapse of vegetation on a 

scale of hectares (Van de Koppel et al. 2002). Activities such as clearing of land by 

humans, for fuelwood or ephemeral cropping of sorghum and millet have been noted to 

cause degradation of landscapes that can be extremely costly and hazardous to reclaim 

(Torrekens et al. 1997). Unfortunately, there is still a gap of knowledge in patch 

diversity following different types of disturbance (Roberts, 1995). Interestingly, studies 

by Connell (1978) and Grime (1979) found that the greatest species diversity is 

associated with intermediate levels of disturbance.  



Bhuju and Ohsawa (2001) have related degrees of vegetation patchiness to species 

richness in Chiba City, Japan and found that both, the highest total number and 

variation of species richness (61%) were associated with intermediate patch density (or 

moderate disturbance) which in this case were selectively-cut patches, which had a 

mean canopy opening of 31.7% and basal area of 22.2 m2 -1 ha (Refer to Table 2.1). This 

finding that intermediate disturbance (or patches) is associated with a higher total 

number of species and higher species diversity agrees with Connell’s (1978) hypothesis 

and observations by Huston (1994). Species richness was found to decrease by 30% in 

the protected and clear-felled areas at Chiba City. 

 

Table 2.1 Species richness in different types of patch (Bhuju and Ohsawa, 2001) 

Total No. of 
Species 

Richness 
per 1m2Patch type 

Clear-felled 43 6 
Selective-cut 61 8 

Protected 40 5 
 

 

 
Figure 2.2 Species richness in disturbance gradients along a nature trail (Bhuju and 

Ohsawa, 2001) 

 

The three different types of vegetation patchiness were classified by Bhuju and Ohsawa 

(2001) according to the various disturbance regimes associated with the past 
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management and natural processes. The clear-felled areas being the youngest (< 25 

years) and protected areas the oldest (> 65 years), with selective-cut areas being 55 to 

65 years old. For each type of patch, two quadrats (20 by 20 m) were subdivided into 

eight sub-quadrates of 1 x 1 m for analysis. Species diversity, was calculated using the 

Shannon-Wiener Index: ∑−= )log('
iiH ρρ in which, ρI = the relative abundance 

(frequency of occurrence) of species i. Intensity of trampling was measured by soil 

hardness (mm) and soil bulk density (g cm-3). This study indicated that although a 

certain degree of disturbances may lead to patchiness, moderate disturbance is in fact 

favourable for maintaining species diversity (refer to Figure 2.2). This further implies 

that the existence of patchiness may not always be an indicator of limited plant growth, 

as patchy vegetation may possess a high total number of species with increased species 

diversity. Bhuju and Ohsawa (2001) also observed that although species diversity was 

the lowest in the clear-felled and protected area, species composition changed from a 

therophytic community to shade-tolerant species of perennial herbs, evergreen shrubs 

and climax tree species. Plant competition (species domination) could be responsible for 

this change.  

 

Yokozawa et al. (1997) had previously investigated the relationship between plant 

competition, patchiness and disturbance. Their model however, which does not consider 

a shift in species composition, analysed the spatial distribution pattern produced as a 

result of competition and disturbance coupled with- or without the presence of 

patchiness. In their model, the plant population was assumed to be living on a two-

dimensional square lattice of L x L points. To simulate the growth of individual plants 

competing for resources (e.g. lights, nutrients) with surrounding neighbours, a coupled 

map lattice (CML) was used. The mode of competition considered was for plants 

located either symmetrically or asymmetrically to neighbouring individuals. The spatial 

structure of individual plant sizes was depicted using semivariogram analysis (Deutsch 

and Journel, 1992) and the spatial distribution pattern was described using a patchiness 

index (Lloyd, 1967), which can be expressed as follows: 
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It is known that the magnitude and frequency of natural disturbances influence the 

structure of forests. The results from this model showed that the mode of competition 

also influences the structure of the forest, as observed by Kubota (1995) and influences 

vegetation patchiness. 

 

Without patchiness, the semivariogram showed larger fluctuation at short distances for 

asymmetric competition and less fluctuations for symmetric competition. Thus, 

indicating more uniform patches under symmetric competition, in terms of spatial 

pattern of individual size. With the existence of patchiness however, the results 

illustrated a greater effect on spatial pattern dynamics under symmetric competition 

than under asymmetrical competition i.e. the effect of patchiness on spatial pattern 

dynamics becomes larger with the decrease in the degree of competitive asymmetry.  

This result indicates that spatial pattern dynamics are more likely to be influenced by 

disturbances (patchiness) for a symmetric condition than for an asymmetric condition. 

The degree of competition was less with the presence of patchiness. 

 

Yokozawa et al. (1997) suggested that the mode of competition between individual 

plants together with vegetation patchiness govern the variation in structural diversity in 

real forests. Consequently, for plants that are symmetrically competing and which are 

subject to frequent natural disturbances a larger reserve area is highly recommended. 

Unfortunately, no explanation was given for the effect of patchiness on spatial pattern 

dynamics. Nonetheless, these findings point out, the necessity for careful consideration 

when designing rehabilitation management (e.g. alignment of seeds or trees, considering 

distances between plants to reduce competition for water and nutrients), and may also 

provide a basis for analysing unusual patterns of growth in undisturbed forest.  

 

2.3 Overview of Remotely Sensed Data 

The general availability of remotely sensed images has resulted in an increase in the 

variety and usage of applications worldwide. Three main types of imagery, which GIS 

systems can incorporate into their data layers; are aerial photography, satellite data (e.g. 

Landsat TM) and radar imagery (e.g. RADARSAT). This section attempts to evaluate if 

different types of remotely sensed data are useful in analysing vegetation changes and 

investigates their accuracy in representing ground data (Leaf Area Index, in particular). 

The simplest form of image with which to observe vegetation changes is an aerial 

photograph, this type of imagery is easy to capture, store and retrieve. The data are 



captured by a camera mounted on an airplane, which flies at a certain height, above the 

area concerned. Depending on the attitude of the camera with respect to the earth’s 

surface when the photograph is taken, relief may not be readily apparent and while the 

size of area covered can be greatly reduced, the effectiveness in classifying areas may 

increase for “vertical” photographs (refer to Figure 2.3 a and b).  

 

Figure 2.3 a) The relationship between vertical aerial photograph and the ground, b) 
vertical photograph  
A “vertical” photograph is taken with the camera pointed as straight down as possible, with an 
allowable tolerance of usually + 3° from the perpendicular (plumb) line to the camera axis. 

a) b) 

 

Aerial photographs were the first medium to reveal the most common form of banded 

vegetation consisting of alternating densely vegetated stripes and bare soil, in Niger 

(Clos-Arceduc, 1956) and in Sudan (Worral, 1960). The image however can be 

deceiving, as found by Worral (1959,1960), MacDonald et al. (1999) and Slatyer 

(1961), as ground truthing revealed, the banded vegetation to consist of either grass, 

trees or shrubs or trees with grass. This complexity highlights the need for ongoing field 

investigation (or ground truthing) while interpreting aerial photographs to improve the 

accuracy of land cover type classification (Strand et al. 2002). 

 

2.3.1 Optical Satellite Data 

Earth-observation satellites equipped with “optical” or “passive” devices measure the 

radiation reflected or transmitted from the earth, in the visible, near infrared, middle 

infrared and thermal infrared wavelengths. Consequently, information provided by the 

optical sensors is in the form of reflective and thermal emissive portions of the 

electromagnetic spectrum. In addition, the range of wavelengths a satellite sensor can 

record is determine by the satellite sensor’s spectral capabilities. A sensor that can only 
 13



measures the energy of a single waveband will produce a greyscale image commonly 

known as a “panchromatic image”. For a “multispectral image” to be produced, the 

sensor must be able to simultaneously record multiple wavebands. The human-eye can 

only view images made up of the visible primary colours (red, green and blue – 

wavelengths 400 to 700 nanometres), this type of colour image is referred to as a “true-

colour” image. An image consisting of any colour combination other than the visible 

bands, is a “false-colour” image (refer to Figure 2.4 for the electromagnetic spectrum) 

 
Figure 2.4 The electromagnetic spectrum (include wavelengths utilised by optical and 

radar remote sensing satellites) 

 

Materials on the surface of the earth may hold unique spectral signatures, extending 

from visible wavelengths to those invisible to the human-eye. Multispectral sensors 

capable of recording many wavebands, which extend over a large range of wavelengths, 

allow the discrimination between materials. This capability makes optical remote 

sensing a powerful tool for a variety of analyses such as discriminating types of 

grasslands (Price et al. 2002), detecting land cover changes (Read and Lam, 2002) and 

estimating leaf area index (Eklundh et al. 2003). There are limitations to the capacity of 

optical sensors, including the dependency on sunlight illuminating the earth to acquire a 

useful image and the accuracy of the image is restricted by the presence of clouds, fog 

or smoke. This study will use two types of optical satellite data, “Landsat Thematic 

Mapper (TM)” and “QuickBird” to produce values of the two vegetation indices, 

Normalised Difference Vegetation Index (NDVI) and the Corrected Normalised 

Vegetation Index (NDVIc). The derivation and characteristics of the vegetation indices 

will be discussed later in the thesis. 
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2.3.1.1 Landsat Thematic Mapper (TM) 

The first Landsat satellite was launched in July 

1972 and was equipped with a multispectral 

scanner (MSS) resolving 80m pixels and four 

spectral bands. Since then another 6 Landsat 

satellites have been launched. The latest in the 

Landsat satellite series is Landsat 7 fitted with 

the new enhanced Thematic Mapper plus 

(ETM+) sensor, allowing the satellite to record 

7 spectral bands as well as a panchromatic 

band with 15m resolution and a higher resolution thermal band-6 (60m). This study 

besides using images recorded by Landsat-7 (after year 1999) also uses images recorded 

by Landsat-5 (before year 1999) (refer to Figure 2.5 for diagram of the Landsat 5 

satellite). Both Landsat 5 and 7 have a cycle of 16 days, which means that they pass 

over a point on the earth’s surface at this interval. Landsat 5 is equipped with Thematic 

Mapper (TM) sensors that record 7 spectral bands with a spatial resolution of 30m and 

has a lower resolution thermal band-6 (120m) and no panchromatic band. For more 

thorough characteristic of Landsat TM refer to Appendix A. 

Figure 2.5 Image of Landsat-5 
satellite 

 

Relationships exist between properties of objects and their relative reflectance (USGS 

Landsat 7 Manual Handbook). Various surface materials may be distinguished from 

each other through differences in relative reflectance, provided there is some suitable 

method for measuring these differences as a function of the intensity of returned 

radiation at several wavelengths. Refer to Table 2.2 for characteristics and general uses 

of the 7 spectral bands recorded by the Landsat TM satellites and Figure 2.6 for 

examples of spectral signatures from four objects. 

 

Table 2.2 Characteristics and general uses of the 7 spectral bands recorded by Landsat 

TM satellites 

Wavelength interval 

(μm) 

Band 

number 

Spectral 

Response 
General applications  

1 0.45 - 0.52 Visible Blue Coastal water mapping 

2 0.52 - 0.60 Visible Green Assessment of vegetation health 
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Chlorophyll absorption for 

vegetation differentiation 
3 0.63 - 0.69 Visible Red 

Biomass surveys and delineation 

of water bodies 
4 0.76 - 0.90 Near Infrared 

Vegetation and soil moisture 

measurements 
5 1.55 - 1.75 Middle Infrared

6 10.40 - 12.50 Thermal Infrared Thermal mapping 

7 2.08 - 2.35 Middle Infrared Hydrothermal mapping 

 
 

 
 
Figure 2.6 Example of spectral signatures of four different objects (obtained from USGS 
website: http://eosims.cr.usgs.gov:5725/DATASET_DOCS/landsat7_dataset.html#3) 
 

2.3.1.2 Quickbird 
The Quickbird satellite system launched in 2001 is one of the first commercial remote 

sensing satellites to offer sub meter resolution over a very wide swath (16.5km) (refer to 

Figure 2.7 for diagram of Quickbird satellite). Quickbird is equipped with two sensors, 

which collects 61cm resolution panchromatic (black and white) and 2.44m resolution 4 

band-multispectral data. The multispectral image sensor has 4 spectral bandwidths; 

blue, green, red and near infrared (refer to Table 2.3 for characteristics of the bands for 

the panchromatic and multispectral sensors). The blue channel in this satellite enables 

true-colour imaging from space. In addition, panchromatic and multispectral imagery 

can be combined to form 61cm resolution images consisting of either 3 or 4 bands.  
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Figure 2.7 Image of the Quickbird Satellite 

 
 

 

 

 

 

 

 

 

 

Table 2.3 Characteristics of the panchromatic and 4 band-multispectral sensors in the 

Quickbird satellite 

Band 

number 

Wavelength interval 

(nanometres) 
Sensors Spectral Region 

Panchromatic 1 445 - 900 Black and White 

Multispectral 1 450 - 520 Blue 

2 520 - 600 Green  

3 630 - 690 Red  

4 760 - 900 Near Infrared  

 

2.3.2 Characteristics of vegetation indices, its application and issues in vegetation 

patchiness analysis 

A vegetation index is a quantitative spectral indicator of biomass or vegetation health. 

An index is usually derived from two or more spectral bands, which are mathematically 

formulated to produce a single value that can indicate the amount or health of 

vegetation.  

 

Vegetation Indices are effective because of the distinctive spectral signature of 

vegetation, which is characterised by low reflectance in the visible region and high 

reflectance in the infrared. This response is due to pigment in the leaves (chlorophyll) 

strongly absorbing visible light (0.4 to 0.7 μm) for photosynthesis, whereas the near 

infrared (0.7 – 1.1 μm) is reflected by the leaves. Therefore the greener the leaves, the 
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larger the reflectance in the near infrared relative to the visible range. On the contrary, 

the lack of chlorophyll in plant material and or the imaging of water, snow, clouds and 

bare soil, results in more reflectance in the visible than in the near infrared.  

 

Absorption of radiation by aerosol and water in the atmosphere (atmospheric effect) and 

soil affects vegetation indices and has resulted in the production of numerous types of 

vegetation indices (Refer to Table 2.4 for several types of vegetation indices) in 

attempts to eliminate these factors. Vegetation indices can be divided into three major 

categories; intrinsic indices, indices using the soil line and atmospherically corrected 

indices. 

 

The intrinsic indices do not account for any external factor other then the measured 

spectral reflectance. Indices include the simplest form of ratio between near infrared and 

red reflectance, known as the “simple ratio” (Jordan, 1969) and NDVI. 

 

Indices using the soil line include correction due to soil absorption. By assuming that 

most soil spectra follow the same soil line, Huete (1988) utilised a universal soil line (L) 

to diminish most soil background influences. The universal soil line ranges between a 

value of zero to one. Indices include Soil Adjusted Vegetation Index (SAVI), Modified 

Soil Adjusted Vegetation Index (MSAVI), and Perpendicular Vegetation Index (PVI). 

 

Atmospherically corrected indices attempt to reduce the effects of atmospheric 

conditions, by utilising the atmospheric information contained in the blue channel such 

as in the Atmospheric Resistant Vegetation Index (ARVI) (Kaufman and Tanre, 1992). 
 

Table 2.4 Types and formula of several vegetation indices 

Type of Indices Formula Developed by 

Simple Ratio 

(SR) 
NIR / Red Jordan, 1969 

Normalised Difference 

Vegetation Index 

(NDVI) 

(NIR - Red) / (NIR + Red) Rouse et al. 1974

Soil Adjusted Vegetation 

Index (1+L) * ((NIR - Red)/(NIR + Red + L)) Huete, 1988 



(SAVI) 

Modified Soil Adjusted 

Vegetation Index  2 Qi et al. 1994 (2NIR+1 -√(2NIR + 1) -8(NIR-Red))/2 

(MSAVI) 

Atmospheric Resistant 

Vegetation Index 

Kaufman and 

Tanre,  

1996 

(NIR - RB) / (NIR + RB) 
*RB = combination of the reflectances in the blue and 

red channels (ARVI) 

Perpendicular Vegetation 

Index 
Richardson and 

Wiegand, 1977 
- sin a (NIR) cos a (Red) 

(PVI) 

 

The most commonly used vegetation index is the Normalised Difference Vegetation 

Index (NDVI) (Rouse et al. 1974). NDVI is derived from the reflected solar radiation in 

the near infrared (NIR) and red (Red) wavelength bands, giving an output value range 

from –1 to 1. NDVI can be expressed as follows: 

 
RedNIR 
RedNIR NDVI
ρρ
ρρ

+
−

=  

 

Where: ρ NIR = Reflectance in the Near-Infrared Band 

  ρ Red = Reflectance in the Red Band 

 

NDVI can provide stable and meaningful comparisons of seasonal and inter-annual 

changes in vegetation growth. Not all indices can accurately predict ground plant 

biomass data (e.g. Leaf Area Index or LAI). Ground data (LAI) for deciduous forest 

was found to relate best to band TM4 (near infrared band) values and to the vegetation 

index, simple ratio (SR) (Eklundh et al. 2003). For coniferous forest middle-infrared 

bands TM5 and TM7 indicated a vegetation index that was predictive of moisture stress 

(Eklundh et al. 2003).  

 

Eklundh et al (2003) analysed eight vegetation indices. All of the indices were derived 

from cloud-free Landsat TM images, which were geometrically corrected against a 

digital topographic map at a scale of 1: 50,000 and atmospherically corrected using the 

6S radiative transfer model (Vermote et al., 1997). Leaf Area Index was measured n the 

field using three different simple correction methods for needle clumping according to 
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Gower and Norman (1991), Chen (1996) and Kucharik et al. (1998). Multiple 

regressions were computed for relationships between the intensities for several 

wavelength bands and the field LAI estimates. 

 

After relating all VIs to LAI, bands TM4 and SR were shown to relate best to LAI using 

Gower and Norman (1991) needle clumping methodology. Even so, the correlation 

coefficients for both Landsat TM Near-Infrared band (or TM4 band) and Simple Ratio 

(SR) are still quite weak, r = 0.54 and r = 0.66, respectively. NDVI has the second 

strongest relationship to LAI, with a correlation coefficient r = 0.62, whereas NDVIc is 

very poorly related, r = -0.12. Inclusion of band TM5 in a multiple regression equation, 

along with band TM3 and TM4, increased the correlation coefficient to r = 0.72.  

 

NDVIc, which also is derived from band TM3, 4 and 5 data was poorly related to LAI. 

The weak relationship was considered to be due to one or more of three possibilities, (1) 

high amounts of ground vegetation reducing the sensitivity of NDVI (Nemani et al. 

1993), (2) multiple scattering increasing rapidly with increasing LAI, leading to 

reflectance saturation (LAI values around 2 –3). (3) Considerable variation in the 

anatomy and biochemical composition between species resulting in variations in 

pigment concentration per unit leaf area and light-scattering ability (Rondeaux et al., 

1996; Nemani et al., 1993; Liu and Huete, 1995; Blackburn, 1999; Boyd et al., 

2000;Eklundh et al., 2003). The third explanation appears to conflict with the finding 

that the NDVIc to ground LAI correlation coefficient was higher when deciduous and 

coniferous forest were analysed together  (r = 0.62) that when deciduous forest only was 

analysed (r = -0.12). Further research on this topic is clearly necessary. 

 

The low saturation rate of NDVI creates very large errors when predicting mature forest 

with intermediate (0.5 < LAI < 3) to large (LAI ≥ 3) LAI values (Rondeaux et al. 

,1996). Rondeaux et al. (1996) attempted to address this problem by considering soil-

adjusted indices (SAVI, transformed SAVI and modified SAVI). New problems 

however emerge due to the use of a universal soil line (L) for all soil types and also 

when predicting biomass for forest with LAI > 2.  

 

Use of the middle infrared band (MIR) is another approach to estimating ground LAI. 

MIR is less affected by atmospheric and angle effects than Infrared (IR) or Near 

Infrared (NIR) (Kaufman and Remer 1994). In addition, this band (Landsat TM band 5 



= .55 – 1.75 μm) is sensitive to the amount of water in plants, unlike bands TM3 and 

TM4. The increase in LAI results in the reduction of MIR reflectance as a consequence 

of an increase in absorption of water by leaves in the canopy. The middle infrared band 

has been integrated into a number of different vegetation index equations which mostly 

resulted in better correlation with ground estimated LAI, such as the multiple regression 

used in Eklundh et al. (2003), which consists of band TM3, 4 and 5. The vegetation 

index 3 (VI3), used by Boyd et al. (2000), which included MIR in VI3 to provide more 

accurate estimates of LAI than were provided by NDVI (76% and 46% respectively of 

the variation being predicted). The VI3 equation is similar to NDVI, except that the 

RED band has been replaced by the middle infrared band. VI3 is expressed as follows 

(Kaufman and Remer, 1994): 

ereflectancMIR  ereflectanc NIR
ereflectanc MIR - ereflectanc NIR VI3

+
=  

In their study, VI3 was derived from NOA AVHRR satellite data that had been 

geometrically corrected by the Canadian Centre of Remote Sensing. An AVHRR image 

subscene was then registered to a geocoded Landsat TM image based on 63-ground 

control points with a registration accuracy of ±0.59 of a pixel, in order to locate 

estimated mean forest LAI. Top of atmosphere radiances recorded by the AVHRR 

channel 1 and 2 were converted to reflectance using Kidwell’s (1991) method. 

Estimated forest LAI was determined in the field using a LAI-2000 plant canopy 

analyser and sunfleck ceptometer instruments along replicated transects 50 to 300 m 

long. The methodology is similar to that of Eklundh et al. (2003), except for the spectral 

data used to derive vegetation indices, NDVI was calculated according to Rouse et al. 

(1974).  

 

Despite these weaknesses of NDVI, it is the most commonly used index for mapping 

and quantifying vegetation (e.g. Wallace, 1996; Lucas et al., 2000; Apan et al., 2001; 

Southworth et al., 2003). The ratio concept has allowed the reduction of multiplicative 

noise and interference that is present in the multiple bands, such perturbations include 

illumination differences, cloud shadows and atmospheric attenuation. The combination 

of NDVI and MIR therefore, should improve relationships with plant biomass and 

increase NDVI sensitivity beyond LAI >2. Nemani et al. (1993) combined NDVI and 

MIR in attempted to overcome effect of canopy closure and understorey to produce the 

index NDVIc, which can be expressed as follows: 
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Where: 

 ρMIR   = reflectance in the Middle-Infrared Band 

 ρMIR   = Minimum reflectance value in the Middle-Infrared Band in the  min

   dataset 

ρMIR  = Maximum reflectance value in the Middle-Infrared Band in the   max

   dataset 

Although Eklundh et al. (2003) found that NDVIc was poorly related to LAI for 

deciduous forest (r = -0.12), when the two types of forest combined, (coniferous and 

deciduous), the correlation coefficient was the best amongst the ten vegetation indices (r 

= 0.62). Unfortunately, there is only limited knowledge of the estimation of LAI using 

the middle infrared band. Ongoing research by Megown et al. (2003) further supports 

the benefits of integrating the middle infrared band into NDVI. Using a LiCor 2000 and 

destructive sampling to estimate the ground LAI of a eucalyptus plantation, they found 

that NDVI does not correlate well with LAI determined by either method (r2 = 0.30 and 

r2
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 = 0.12, respectively). However NDVIc was closely correlated (r2 2 = 0.98 and r  =0.91, 

respectively). NDVI (Rouse et al. 1974) and NDVIc (Nemani et al. 1993) were both 

derived from Landsat TM using ERDAS Imagine software to interpret the images over 

the study areas. The different results  of Eklundh et al (2003) and Megown et al. (2003) 

are possibly due to the use of different methodologies in obtaining the ground LAI or to 

differences in plant species. No atmospheric correction was carried out by Megown et 

al.(2003), which may have caused the weaker relationship between NDVI and ground 

LAI.  

 

The unstable nature of NDVI is partly due to atmospheric effects on data and there are 

several procedures available to reduce this. Liu and Huete (1995) reduced the effect by 

modifying NDVI to MNDVI; and included two additional noise correction loops, (1) 

feedback loop (H1) to override the initial noise input and (2) a noise compensation 

forward loop (H2) to compensate for noise that the feedback loop cannot overcome. To 

control the amplitude of H  and H1 2, two coefficients were used C  and C1 2. MNDVI can 

be expressed as follows:  

 
           NDVI 
MNDVI =           (1+C2H2)=MNDVI0 (1+C2H2) 
         1+C1H1
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Bear in mind, NDVI has limitation in measuring intermediate and high forest Leaf Area 

Index (LAI > 0.5). Liu and Huete (1995) did not consider “low saturation rate” onto the 

MNDVI, limitation therefore still exists. Use of the atmospheric correction algorithm by 

Fraser et al. (1989) may be a better alternative, as it corrects the visible and infrared 

channels directly.  

 

2.4 Radar imagery (RADARSAT)  

Radar satellites operate differently from optical satellite imagery (e.g. Landsat TM, 

SPOT, Quickbird). This type of satellite has a Synthetic Aperture Radar (SAR) sensor, 

which is an “active” sensor and operates by transmitting a microwave energy pulse to 

the earth and records the radiation reflected back to the satellite within one or more 

frequency bands (refer to Table 2.5 for summary of frequencies and the respective 

wavelengths). The technique is independent of time of day, weather or presence of 

smoke over the area. Each band represents a unique image of the earth’s surface and can 

be interpreted individually or in combination with other bands.  
 

Table 2.5 Frequencies and respective wavelengths of bands in the microwave region 

Microwave 

Region 
P L S C X Ku K Ka 

Frequency 

(GHz) 
0.3 - 1.0 1.0 - 2.0 2.0 – 4.0 4.0 - 8.0 8 - 12.5 12.5 - 18.0 18.0 - 26.5 26.5 - 40.0

Wavelengths 

(cm) 
30 - 100 15 - 30 7.5 - 15 3.75 - 7.5 2.4 - 3.75 1.67 - 2.4 1.1 - 1.67 0.75 - 1.1

 

The orientation of the electromagnetic field, which is a factor controlling how the radar 

signal interacts with ground objects and how the resulting energy is reflected back is 

referred to as the “polarisation” of the radar signal. Most radar imaging systems are 

designed to transmit microwave energy radiation in either horizontally polarised (H) or 

vertically polarised (V) mode and to receive either horizontally or vertically polarised 

radiation, giving four possible combinations (HH, HV, VV or VH). Variation in the 

returned signal as a result of variations in the surface roughness, topography and 

physical properties (e.g. moisture content) is known as the “radar backscatter”. A rough 

surface will appear bright as the microwave energy is scattered back to the satellite 

sensor, whereas a smooth surface will appear dark as the microwave energy is reflected 

(or scattered) away.  

 



This study used data from Canadian-owned radar satellite “RADARSAT”. The satellite 

is equipped with a SAR sensor that can be steered to collect data over 1.175km wide 

band using seven beam modes (fine, standard, wide, scan-SAR Narrow, scan-SAR 

Wide, Extended high and Extended low), resulting in 25 possible imaging modes. The 

beam modes are characterised by a specific beam elevation angle and profile (the seven 

beam modes are illustrated in Figure 2.7). This function is important because image 

characteristics differ with the incidence angle associated with each beam.  

 

Figure 2.8 Characterisation of the seven beam modes of the RADARSAT satellite 

 

RADARSAT emits its C-band radiation (5,3 GHz frequency or 5.6cm wavelength) with 

horizontal polarisation and captures the energy returning using the horizontal 

polarisation (HH polarisation-system). The spatial resolution of RADARSAT ranges 

from 8 to 100m, depending on beam mode (refer to Figure 2.8) 

 

 
Figure 2.9 Ground spatial resolution in respect to beam mode for RADARSAT satellite 

 

Radar imagery has been utilised in various studies including assessing vegetation 

biomass and forest structure, monitoring rice plantations and classifying land cover 

(Sowter, 1997, Tanaka et al, 1997; Suga et al. 1999; Oguro et al. 2001; Austin et al. 
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2002). The ability of radar to penetrate cloud, fog and smoke makes it superior to the 

optical satellite for some applications. Radar remote sensing also has some limitations, 

including extensive shadowing of areas in an undulating terrain as the incidence angle 

strongly affects the ground resolution (Stankiewicz, 2002). As the present study is in 

Western Australia, which experiences many cloud-free days, the all weather capability 

of radar offers little advantage. 

 

2.5 Summary 

There are many factors that may be responsible for sparsely vegetated or bare soil. 

These include topography, underlying soil heterogeneity (Carmel and Kadmon, 1999; 

Klausmeier, 1999; Valentin et al. 1999; d’Herbes et al. 2001), feedback between the 

plant density and local water infiltration (Hillerislambers et al, 2001), arrangements of 

the plants (symmetrical or asymmetrical) causing vegetation patchiness (Yokozawa et 

al. 1997) and natural or human made disturbances (Bhuju and Ohsawa, 1998; 

Hillerislamber et al. 2001, Van de Koppel et al. 2002). 

 

The form and size of zones of patchy vegetation may vary from less than one to 

hundreds of kilometres (Belsky, 1989; Tongway and Ludwig, 1990; Bromley et al. 

1997; Hillerislambers et al. 2001). An intermediate degree of vegetation patchiness is 

favourable for species richness (Bhuju and Ohsawa, 2001). Severe disturbances that 

reduce vegetation cover beyond a threshold may lead  to the collapse of vegetation on  

the scale of hectares (Van de Koppel et al. 2002) and can be extremely costly to reclaim 

(Torrekens et al. 1997). Monitoring rehabilitated areas is therefore essential to ensure 

the health of vegetation and also to continually improve rehabilitation management. 

Alcoa mines and rehabilitates approximately 450 hectares of land each year in the 

Darling Range of Western Australia. With the large area involved, direct measurement 

of vegetation patchiness is extremely difficult and expensive so identification of an 

automated, remote sensed procedure is highly desirable. 

 

An effective way to analyse vegetation patchiness is by utilising remotely sensed data 

such as aerial photographs. Aerial photographs however do not provide convenient 

quantitative measures of the degree of vegetation patchiness or of temporal trend in 

patchiness, for this automated analysis of remotely sensed data is needed. Remotely 

sensed data that are readily available, include Landsat TM, the very high resolution data 
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from Quickbird, and radar imagery from RADARSAT. With different types of 

information associated with each type of remotely sensed data, selecting the “right” data 

for this application  is crucial. For example. Infra-Red and Visible wavelengths are 

capable of producing vegetation indices that are useful in measuring vegetation biomass 

however these requires zero cloud cover. Radar imagery on the other hand, does not 

require illumination by the sun so cloud cover will not affect analysis, however radar 

images appear to be lack of both spatial and object resolution. Landsat TM and 

RADARSAT have spatial resolution of about 30 metres which restricts the resolution of 

vegetation patchiness, where patches are smaller than this size.  For very high resolution 

data such as that provided by Quickbird, which has resolutions of 0.6 metre to 4 metre, 

the resolution of patches will be greatly enhanced. In this study of vegetation patchiness 

within rehabilitated mine sites using remotely sensed data, use all three types of data 

will be evaluated. 

  

A major limitation associated with the Normalised Difference Vegetation Index (NDVI) 

is the low saturation rate, for vegetation with a Leaf Area Index above 0.5 (Rondeaux et 

al. 1996). One way to overcome this limitation is by incorporating the middle infrared 

band into NDVI, the middle infrared band being sensitive to the amount of water in 

plants (Kaufman and Remer, 1994). This Corrected Normalised Difference Vegetation 

Index, will be analysed and compared with NDVI values for revegetated mine sites and 

natural forest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 27

CHAPTER 3 

 

LOCATIONS AND IMAGERIES UTILISED 

 

 

3.1 Study site description 

3.1.1 Location 

The study area is within the Huntly bauxite mine, located on the Darling Plateau, 

approximately 110km south-southwest of Perth, near Dwellingup, Western Australia. 

The geoposition information of the study site is given in Table 3.1 

 

Table 3.1. Geoposition information for the study site 

 Top Left Bottom Right 

Latitude 32:32:11.76S 32:37:55.03S 

Longitude 116:0:28: 87E 116:9:26.2E 

Easting 406850.00E 420950.00E 

Northing 6399650.00N 6389200.00N 

 

3.1.2 Geology and Soils 

The Darling Plateau is bordered by the Darling Scarp on the western margin, which 

rises to 300 m above the Coastal Plain. The Plateau is characterised by ancient soils, 

formed largely by in situ lateritic weathering of granitic rocks (Mulcahy, 1967). 

Granitoids and dolerite are the most common parent rocks. The soil profiles are 

typically characterised by a coarse-textured gravely surface horizon over duricrust with 

fine textured kaolinitic regolith at depth (Nichols, 1985;Ward et al. 1993). The duricrust 

together with 1 to 4 m of loam underlying it is rich in aluminium hydroxides and 

oxyhydroxides (bauxite) (Ward et al. 1993). Mining is relatively shallow (average ore 

depth is 4 metre) and usually kaolinitic regolith forms the floor of bauxite pits after 

mining activity has ceased (Koch and Ward, 1994). 

 

 

 



 28

3.1.3 Climate 

The area experiences a Mediterranean-type climate, with hot, dry summers and cool, 

wet winters. Mean monthly temperature varies from 16 degrees Celsius in winter to 27 

degrees Celsius in summer. The average annual rainfall is about 1200mm and mostly 

occurs in winter. 

 

3.1.4 Vegetation 

The sclerophyll forest is dominated by Eucalyptus marginata (Jarrah) and Corymbia 

calophylla (Marri), the middle-storey consists mainly of Banksia grandis, Allocasuarina 

fraseriana and Persoonia longifolia (Koch et al. 1994). The undergrowth is composed 

of many species of herbs and shrubs, mainly from the families of Liliaceae, 

Leguminosae, Orchidaceae, Apiaceae, Epacridaceae, Asteraceae, Restionaceae and 

Cyperceae (Koch et al. 1994).  

 

3.2 Remotely sensed data sources 

Aerial photographs (refer Figure 3.1 for an aerial photograph of the study site) with a 

resolution of 0.4m were used to: 

 Distinguish rehabilitated from forest areas,  

 Confirmed cadastral information provided by GIS coverages (in particular, 

roads and rehabilitation boundaries),  

 Recognise rock outcrops and  

 Locate bare patches within rehabilitated sites.  

ALCOA’s maps provided as shapefiles (GIS format) showed the locations of Huntly 

rehabilitation boundary, contours, roads and stockpiles within the Huntly mine site.  

 

All Landsat TM were radiometric and geometrically corrected by the Department of 

Land Information (Western Australia) and resampled to a 25 by 25m pixel (refer to 

Appendix B and C for correction methodologies). This resampling of pixels from 30 

by 30m to 25m by 25m is to realign imagery (rows and columns of pixels) to map-grid 

North (ACRES, 2004). Multispectral Landsat TM was selected because it has the bands 

needed to produce the vegetation indices (Figure 3.2), it is relatively high resolution 

imagery and it is highly accesible which is essential for time-series analysis. Six-years 

of cloud-free Landsat TM data (available for years 1994, 1996, 1998, 2000, 2002 and 

2003) were used to derive vegetation indices. Landsat TM bands 3 and 4 were used to 



produce values of Normalised Difference Vegetation Index “NDVI” and bands 3, 4 and 

5 for the Corrected Normalised Difference Vegetation Index “NDVIc”.  

Road 

Bare soil 

Native Forest 

Young rehabilitated area 

1 : 21,000 
 

Figure 3.1 Aerial photograph of study site (year 2003), Huntly bauxite mine site, 

Dwellingup, W.A 
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Figure 3.2 An example of Normalised Difference Vegetation Index for overall study area 

(year 2003) for Huntly, Dwellingup, W.A 

 

In addition to the two main vegetation indices, NDVI images in RGB format “RGB-

NDVI” (derived from Landsat TM) and NDVI derived from Quickbird “Quickbird-

NDVI” were also analysed. RGB-NDVI is NDVI made up of the combination of three 

colours, red, green and blue instead of the direct spectral response. Further information 

regarding data analysed refer to Table 3.2 

 

Table 3.2. Summary of data analysed 

Type of image Vegetation 
index 

Availability 
(year) 

Resolution 
Size Provided by 

Aerial photographs - 2001, 2002 and 
2003 0.40 metres DLI, Western Australia

Landsat Thematic 
Mapper - 

1994, 1996, 1998, 
2000, 2002 and 

2003 
25 metres DLI, Western Australia

RADARSAT - 1995 30 metres DLI, Western Australia

NDVI  
(derived from Landsat 

TM) 
NDVI 

1994, 1996, 1998, 
2000, 2002 and 

2004 
25 metres DLI, Western Australia

NDVIc  
(derived from Landsat 

TM) 
NDVIc 

1994, 1996, 1998, 
2000, 2002 and 

2005 
25 metres DLI, Western Australia

NDVI 
 (derived from 

QuickBird) 

QuickBird-
NDVI 2004 0.60 metres ALCOA of Australia 

RGB- NDVI 
(derived from Landsat 

TM) 
RGB-NDVI

1994, 1996, 1998, 
2000, 2002 and 

2003 
25 metres DLI, Western Australia

NDMI 
(derived from Landsat 

TM) 
NDMI 

1994, 1996, 1998, 
2000, 2002 and 

2003 
25 metres DLI, Weestern Australia

 

In addition to the optical satellite data, radar imagery, a single set of RADARSAT data 

with a resolution of 30m by 30m was used (Figure 3.3).  
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Young rehabilitated area 
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Figure 3.3 Radarsat image (year 1995) of study site, Huntly, Dwellingup, W.A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32

CHAPTER 4 

 

METHODS 

 

 
This study consists mostly of computer-based manipulation and analyses of remote 

sensed data. Several field investigations were carried out for ground truthing and in 

particular to determine the cause of bare patches within rehabilitated mine sites.  

 

4.1 Study site selection 

The study sites can be divided into two major activities, “comparison of rehabilitated 

areas and nearby native forest” and “temporal analyses of rehabilitated area”.  Study 

sites selected for these analyses are greater than one hectare in size.  Using ArcGIS, 

polygons were created for each of the study sites previously selected for further detailed 

analyses (Figure 4.1). 

 

4.2 Comparison of rehabilitated areas and nearby native forest 

The criteria for selecting paired sites for comparison were that the two sites had the 

same topographic features (e.g. altitude, topographic situation, similar aspect, degree of 

slope) and no visible rock outcrops.  The topographic characteristic (aspect) was derived 

using spatial analyst from GIS Huntly contour coverage. In addition, rehabilitated sites 

commenced in year 1991 were chosen as there were different management practices 

used prior to this year. Polygons for three different pairs of sites were produced, 

resulting in 6 selected study sites. These were a.) Adjacent to each other, with aspect = 

Southwest (R1SWA/F1SWA)*, b.) Further apart, with aspect = Southeast and 

(R2SEF/F2SEF) * c.) Randomly chosen, with aspect Northeast (R3NER/F3NER)*. 

*Labelling begin with R is for rehabilitated area and F for forest. 

 

4.3 Temporal analyses of rehabilitated areas 

The temporal analyses were further divided into two sections, non-patchy and patchy 

rehabilitated areas. A rehabilitated area is classified as “patchy” if one or more patch of 

bare soil is visible in the images (aerial photographs and Landsat TM) and persisted 

over several years. 



4.3.1 Rehabilitated areas without the presence of bare patches or “Non-patchy 

rehabilitated areas” (N- RA) 

And NDMI, 
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NDVIc,  

The three spectral vegetation indices (Normalised Difference Vegetation Index (NDVI), 

Corrected Normalised Difference Vegetation Index (NDVIc) from Landsat TM 

multivariate imagery and Normalised Difference Moisture Index (NDMI)) were derived 

using ERMAPPER 6.4, “Formula Editor”. Each band of dataset is represented by 

individual INPUT channel, in this case for NDVI 

4.4.1 Derivation of the three spectral vegetation indices 

 

GIS software packages ERMapper 6.4 and ESRI’s ArcGIS 8.3 were used to analyse and 

manipulate spatial data, including comparing land areas. To superimpose the images, 

datum values of images were georeferenced to GDA94 and projection MGA50.  

4.4 Data processing 

 

Initially 12 rehabilitated areas with bare patches visible in the aerial photographs (from 

year 1990 to 2003) were selected and labelled “patchy area 1 to 12”. After further 

consideration of the definition of a  “patchy” rehabilitated area, the numbers of sites 

were reduced to 7 and these were patchy-area2, 4, 6, 8, 9, 10 and 11. 

4.3.2 Rehabilitated areas with the presence of bare patches or “Patchy 

rehabilitated areas” (P-RA) 

Rehabilitated sites completed in year 1994, 1997 and 1999 were analysed for each year 

that satellite data were available until year 2003. Three replicate sites were identified for 

each individual rehabilitation year, giving 9 study sites which were labelled R94-1, R94-

2, R94-3, R97-1, R97-2, R97-3, R99-1, R99-2 and R99-3.  
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Figure 4.1 Landsat TM (all bands) showing the approximate location of the Huntly mining area, Dwellingup, WA 

1 : 40 000 ,
 



In which: 

I1 = input 1 = Landsat TM band 3 

 I2 = input 2 = Landsat TM band 4 

 I3 = input 3 = Landsat TM band 5 

 I3 min = minimum value of input 3 = minimum value in Landsat TM band 5 

 I3max = maximum value of input 3 = maximum value in Landsat TM band 5 

 

The minimum and maximum values of Landsat TM band 5 was obtained by opening the 

algorithm dialog box in ERMAPPER 6.4, highlighting band 5 and then opening the 

Transform function. Each image was then saved as, data type: unsigned integer and data 

depth (bits): 8. This process results in spectral vegetation indices ranging from of 0 to ± 

74, (maximum index value depends on the highest index reached within a particular 

year). This step was necessary to ease in analyses (i.e. NDVI instead of ranging from  

negative one (-1) to positive one (1), this process resulted in NDVI range from 0 to 

100). 

 

Using ArcCatalog, individual images were then exported to ESRI GRID (Figure 4.2). 

The derivation of RGB-NDVI from Landsat TM was carried out by the Department of 

Land Information, Western Australia. The derivation of RGB-NDVI from QuickBird 

was performed by Lidia Boniecka.   
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Figure 4.2 Sample of the ARCCatalog interface, exporting the NDVI image (5 September 

1996) in .bil format to ESRIGRID format 

 

4.4.2 Computation of vegetation index images by Spatial Analyst 

The function of ArcGIS-Spatial Analyst, “Zonal Statistics” is to compute a statistic 

within each zone. For this function to work, it requires a grid theme, which defines the 

values to be used in the calculation and a second theme to define the zone or boundary 

(refer to Figure 4.3 for an illustration of “Zonal statistics” operation).  

 

 

 

 

 

 

 

 

 

Zone dataset / boundary 

Grid theme / vegetation 
index values 

Figure 4.3 Illustration of how “Zonal Statistics” operates 

 

Polygons previously created for individual study sites (non-patchy/ patchy rehabilitated 

sites and forest areas) became the boundaries for spatial computations (refer to Figure 

4.4). Using ArcGIS-Spatial Analyst “Zonal Statistics”, the vegetation index values 

embedded within the image for each polygon (study site) were calculated (for all 

available years, 1994, 1996, 1998, 2000,2002 and 2003). The output statistics are the 

majority, maximum, mean, median, minimum, minority, range, standard deviation, sum 

and variety value.  

   
Figure 4.4 Illustration of the “Zonal Statistics” screen for computing the NDVI image (15 

August 1994) within patchy area 2 site 
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4.4.3 Statistical analysis and Rehabilitation Patchiness Index (RPI) 

“Zonal Statistics” can only compute one zonal boundary at a time and produce outputs 

in dbase format. The software program, Microsoft Excel was used to compile all 

spectral data for temporal analyses. 

 

A Rehabilitation  Patchiness Index (RPI), can be expressed as follows: 

100
VI

)r(mRPI
band max.

VIVI ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=      

In which: 

 mVI   =  mean vegetation index value for an area 

 rVI   = range vegetation index value for an area 

Vi max. band = the maximum NDVI value within particular year  

100 = the maximum possible vegetation index value 

 

For any imagery, the maximum possible NDVI value is one hundred (100). However, 

none of the vegetation index images analysed reached this maximum range (e.g. year 

2000, the highest NDVI value recorded was 71). Furthermore, for “patchy” rehabilitated 

sites, the vegetation index mean value subtracted from the NDVI “range” value of a 

particular polygon, generally result in negatives values. For “non-patchy” rehabilitated 

sites and forest areas, values are generally higher than ten (10).  

 

Table 4.1. Classification of vegetation status according to rehabilitation patchiness index 

(RPI) values 

RPI values Indicates 

RPI ≤ 10 Patchy 

Some degree of patchiness exists 11  ≤ RPI  ≤ 50 

RPI > 50 Non Patchy 

 

To evaluate the Rehabilitation Patchiness Index (RPI), ten rehabilitated areas with 

different management and age as well as ten native forest areas were randomly selected. 

 

Daily rainfall data for Dwellingup (Western Australia) were supplied by the Bureau of 

Meteorology, Western Australia. The total rainfall was calculated for one-year, one-
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month, one-week, three-days, two-days and one-day before the capture of images (refer 

to Table 4.2). The purpose of this was to analyse any effect of rainfall (water content in 

soil/plants) on the vegetation indices. 

 

Table 4.2. Total rainfall for Dwellingup, one-year, one-month, one-week, three-days, two-

days and one-day before the capture of images 

Year images 
were 

captured 

Year 
(mm) 

1-Month
(mm) 

1-Week
(mm) 

3-days 
(mm) 

2-days 
(mm) 

1-day 
(mm) 

15/8/94 1147 144 28 3 0 0 

5/9/96 1374 192 18 11 11 0 

9/7/98 1138 295 50 25 7 0 

23/8/00 1408 164 38 3 3 0 

13/8/02 1282 255 33 13 3 0 

8/8/03 1310 195 45 4 1 0 
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CHAPTER 5 

 

AN EVALUATION OF VEGETATION INDICES FOR THE 

HUNTLY SITE 

 

 
The evaluation of indices, particularly NDVI will be divided into three sections, these 

are: 

• Comparison of indices between rehabilitated areas and nearby native forest 

• Temporal analysis of rehabilitated areas, particularly patchy and non-patchy 

rehabilitated areas, and 

• Comparison of indices between pre- and post- mined areas 

 

RGB-NDVI images derived from Landsat TM and Quickbird was found to be 

inadequate in representing temporal changes in vegetation from year 1994 to 2003. In 

addition, no quantitative measurement can be taken from NDVI in the form of RGB. 

This is because RGB-NDVI images are made up of the combination of three colours, 

the Red, Green and Blue at varying levels of intensity, ranging from 0-255 (as 

illustrated in Figure 5.1).  

 
Figure 5.1 Colour combinations that RGB can produce (the numbers are the colour 

intensity in Red, Green and Blue)  

 

For example. bare soil is present in patchy area 10, therefore if bare soil is represented 

by the colour red, patchy area 10 will be intense red (255) with zero intensity for the 

other two colours. Hence, the greater variation in vegetation growth, the smaller the 

mean RGB-NDVI due to equal intensities in the red, green and blue. Refer to Table 5.1, 
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to compare RGB-NDVI values to NDVI values. In conclusion, NDVI in RGB form 

cannot be mathematically computed to observe temporal changes. 

 

Table 5.1 A.)RGB-NDVI and B.) NDVI for patchy area 10, from year 1994 until 2002. 

Rehabilitation process commenced and completed in year 1995 

A). RGB- NDVI (derived from Landsat TM) for patchy area 10 
Standard 
Deviation Year Minimum Maximum Range Mean Majority1 2Minority

1994 0 255 255 250.6 30.6 255 69 
1996 0 255 255 245.5 42.4 255 73 
1998 0 255 255 58.0 88.5 0 155 
2000 0 255 255 25.2 56.3 0 229 
2002 0 255 255 8.8 37.3 0 18 

B). NDVI for patchy area 10 
Standard 
Deviation Year Minimum Maximum Range Mean Majority1 2Minority

1994 0 32 32 1.3 4.7 0 18 
1996 0 49 49 7.2 12.1 0 25 
1998 4 67 63 38.0 10.6 40 4 
2000 0 59 59 42.9 10.9 50 1 
2002 0 52 52 44.5 8.5 44 2 

1 = value occurred frequently in imagery 
2 = value seldom occurred in imagery 

 

5.1 Spectral response for rehabilitated areas versus nearby native forest  

Results and Discussion 

From the six rehabilitated and native forest areas selected, based on their topographic 

characteristics, all rehabilitated areas (R1SWA, R2SEF and R3NER) had greater NDVI 

values than the native forest (F1SWA, F2SEF and F3NER) (rehabilitated areas = 42, 47 

and 52; native forest = 32, 40 and 41, respectively). A similar trend exists for NDVIc, 

rehabilitated areas = 36, 39 and 41 and native forest =  27, 32 and 33, respectively. 

While there were positive linear relationships between spectral values of rehabilitated 

areas and time, no temporal trend was observed for native forest, refer to Table 5.2. 
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Table 5.2 Correlation coefficient (r, positive) for the linear relationships between 

vegetation indices and time, for non-patchy rehabilitated areas, patchy rehabilitated areas 

and native forest 

Rehabilitation 
commenced in 

year 
site ID NDVI (r) NDVIc (r) 

Non-Patchy rehabilitated sites 

94-1 1994 0.82 0.79 
94-2 1994 0.79 0.77 
94-3 1994 0.83 0.79 

Patchy rehabilitated sites 

patchy-area 2 1995 0.94 0.92 
patchy-area 4 1994 0.86 0.82 
patchy-area 6 1991 0.77 0.68 
patchy-area 8 1992 0.79 0.65 
patchy-area 9 1992 0.78 0.67 
patchy-area 10 1995 0.93 0.90 
patchy-area 11 1996 0.96 0.96 

Forest 

F1SWA native 0.14 0.33 
F2SEF native 0.00 0.26 
F3NER native 0.10 0.14 

 

 

Native Forest 
9 yrs old 
rehabilitated area 

1 : 1,000 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Aerial photograph of 9 year old rehabilitated area and native forest 
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Higher NDVI values for rehabilitated areas than native forest are expected (refer to 

Figure 5.2 for a comparison between rehabilitated area and forest on an aerial 

photograph). The explanation for this expectation is that most rehabilitated vegetation 

reaches its maximum leaf biomass early in its development (Brown and Lugo, 1990). In 

addition, to maximise high survival rate and growth of the rehabilitated vegetation, 

active managements including, fertiliser application, large amounts of vegetation 

planted (seeds and plants) and deep and contour ripping were carried out (Gardner, 

2001).  

 

NDVI and NDVIc were equally sensitive for both types of vegetation (rehabilitated or 

native forest areas). Both indices reached a plateau after approximately eight to ten 

years of growth, although the rehabilitated vegetations continues to develop after ten 

years. The saturation levels of NDVI and NDVIc are therefore similar for this type of 

vegetation. This trend however was not expected for NDVIc. NDVIc was thought to 

continue to increase after NDVI has reached a plateau. This is because the middle 

infrared band ranging from 1.55 to 1.75 microns is less sensitive to the atmosphere and 

sun angle than the near infra-red (0.76 to 0.90 microns) and red (0.63 to 0.69 microns) 

(Kaufman and Remer, 1994) but more responsive to the amount of water in the plant. 

Therefore an increase in ground Leaf Area Index (LAI) or biomass should further result 

in an increase in absorption of water by the leaves in the canopies and in turn, 

reflectance at the middle infrared will decrease. Further investigation is required.  
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1 : 2,500 1 : 2,500

A.)Rehabilitated area (R1SWA) with aspect = 
Southwest and adjacent to F1SWA  
Average NDVI from1994 to 2003 = 42 

B.) Native Forest (F1SWA) with aspect = 
Southwest and adjacent to R1SWA.  
Average NDVI from 1994 to 2003 = 32 

1 : 2,500 1 : 2,500
C.) Rehabilitated area (R2SEF) with aspect = 
Southeast  
Average NDVI from 1994 to 2003 = 45 

D.) Native forest (F2SEF) with aspect = 
Southeast 
Average NDVI from 1994 to 2003 = 39 

1 : 2,5001 : 2,500 
E.) Rehabilitated area (R3NER) with aspect = 
Northeast 
Average NDVI from 1994 to 2003 = 49 

F.) Native forest (F3NER) with aspect = 
Northeast 
Average NDVI from 1994 to 2003 = 42 

 
 

Figure 5.3 Aerial photographs showing different vegetation densities for areas of 

rehabilitated and native forest (bounded by blue line) at Huntly 
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5.2 Relationships between spectral response of rehabilitated areas and 

time, for non- patchy rehabilitated areas (N-RA) for both NDVI and NDVIc, 

and patchy rehabilitated areas (P-RA) for both NDVI and NDVIc 

Results and Discussion 

For rehabilitated vegetations at Huntly, mean NDVI values increase for approximately 

four years before reaching a plateau, refer to figure 5.5. This is a result of the low 

saturation value of NDVI Rondeaux et al. (1996). Other workers have used NDVI to 

determine various forest attributes, including biomass and Leaf Area Index (Running et 

al. 1986; Spanner et al. 1990; Wallace 1996, Pontailler et al. 2003). Wallace’s (1996) 

study area was at Dwellingup, Western Australia and he observed a strong positive 

relationship between NDVI and ground LAI (r = 0.88) for the Jarrah forest in 

Dwellingup, Western Australia (refer to Figure 5.4). Pontailler et al. (2003), NDVI 

showed strong exponential relationship with ground LAI (r2 = 0.987) (refer to Figure 

5.4). The Ground LAI in Wallace (1996) and Pontailler et al. (2003) studies was 

obtained using hemispherical photography technique, which has been used widely for 

over 40 years (Evans and Coombe, 1959). The ground LAI data in the present study was 

obtained by ALCOA who also used hemispherical photography. 

 

Figure 5.4 Relationships between ground LAI (obtained by hemispherical photograpy 

technique) and NDVI taken from Wallace (1996) (left) and Pontailler et al. (2003) (right) 
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Figure 5.5 NDVI trend for several rehabilitated areas analysed in Huntly, Dwellingup, 

Western Australia 

 

The temporal trend in NDVI for several rehabilitated areas that had reached an 

equilibrium NDVI value, indicates a small decrease in NDVI in year 2002 (refer to 

Figure 5.5). There is a possibility that the decrease in NDVI for year 2002 does not 

illustrate a “true” reduction in vegetation. Other mechanisms which might have caused 

this drop in 2002, are an error in image calibration (radiometric and geometric), an 

effect of climate (particularly rainfall) and an atmospheric effect. 

 

All of the radiometric and geometric calibrations of the Landsat TM imageries for each 

year’s data were carried out by DLI, Western Australia and there may have been an 

error in the calibration procedure. If this was the case, NDVI values for all sites will 

have decreased for year 2002. Corrections are applied to remove radiometric distortions 

that are mainly caused by differences in scene illumination, sensor gain, satellite 

observation angle at the moment the image was taken and atmospheric conditions 

(atmospheric effects will be discussed later in this chapter) (Hal et al. 1991). Geometric 

distortion can be caused by the alteration of a pixel’s position, size and orientation 

during data acquisition in response to topographical elevation, sensor parameters and 

land curvature (Fonseca, 1996). However not all study sites showed a decrease in NDVI 

for year 2002, for example, for patchy-area 12, NDVI values for years 2000, 2002 and 

2003, increased systematically from 37 to 39 to 49.  
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Relationships between rainfall prior to the image being obtained, vegetation and NDVI 

have been observed in previous studies (Tucker et al. (1991); Davenport and Nicholson, 

1993; Farrar, 1994; Potter and Brooks (1998); Richards and Poccard (1998); Scanlon et 

al. 2002; Foody, 2003 and Roerink et al., 2003). Davenport and Nicholson (1993) found 

strong similarity between spatial patterns of NDVI and annual rainfall (refer to Figure 

5.6) providing that monthly rainfall does not exceed ~200mm  (correlation between 

annual NDVI and the log of annual rainfall was R2 = 0.89). This relationship was also 

observed by Scanlon et al. (2002), their study obtained a strong relationship between  

NDVI and the mean precipitation (R2 = 0.87). Scanlon et al. (2002) also discovered that 

the sensitivity of NDVI to rainfall is different, depending on the land surface fractional 

cover (tree, both grass and bare soil). A land surface dominated by trees had high NDVI 

values and low sensitivity of NDVI to inter-annual variations in rainfall. Bare soil was 

associated with low NDVI and low sensitivity to inter-annual variations in rainfall. 

Transient grass/ bare soil areas were associated with moderate NDVI and high 

sensitivity of NDVI to inter-annual variations in rainfall.  

 
Figure 5.6 Relationship between annual rainfall (dashed line) and NDVI (solid line) along 

4 transects (Davenport and Nicholson, 1993) 

 

The present study considered rainfall that occurred 1-year, 1-month, 3-days, 2-days and 

1-day prior to capture of image and relate these data to NDVI values and NDMI 
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(Normalised Difference Moisture Index) (refer to section 4.4.1).  From the 1-year 

rainfall occurring prior to the capture of imagery, for year 2002 imagery (1282mm) did 

receive slightly less rainfall than two years before (2000= 1408 mm) and one year after 

(2003= 1310mm), as illustrated in Figure 5.7. No relationships were observed between 

NDVI and rainfall that occurred 3-days, 2-days or 1-day prior to the capture of images 

(Figure 5.8). Native forest, non-patchy and patchy rehabilitated areas responded 

similarly to rainfall. The high rainfall 3 days prior to capture of imagery in 1998 was 

associated with increasing NDVI for native forest, non-patchy and patchy rehabilitated 

areas and followed by a slight decrease until 2002 before increasing again in 2003.  

Rainfall 1-year prior to capture of image
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Figure  5.7 Amount of rainfall 1 year prior to capture of image 
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B.) 

NDVI for Non-patchy rehabilitated areas with Rainfall
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C.) 

NDVI for Patchy rehabilitated areas with Rainfall
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Figure 5.8 Trends in NDVI in three vegetation conditions (native forest, non-patchy and 
patchy rehabilitated areas) and amounts of rainfall 1-day, 2-days and 3-days prior to 
capture of images 
 
 
 
The NDMI is calculated using the formula 

Infrared) - (MIR  Infrared) - (NIR
Infrared) - (MIR - Infrared)  - (NIR 

NDMI
+

=  

In which, NIR = Near Infrared; MIR = Middle Infrared 

 

Hunt et al. (1987) found that the reflectance of Landsat TM band 5 (middle infrared 

band) was almost equal to reflectance of Landsat TM band 4 (near infrared), therefore 

the difference between both band 4 and 5 for a fresh leaf should equal to the water 

absorbance in that leaf. In addition, “wetness” is a good indicator of forest change 

(Fiorella and Ripple, 1993; Franklin et al. 2002 and Wilson et al. 2002) and because 

NDMI is sensitive to water content, it should support the findings from NDVI. 
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Increasing NDMI values indicate an increase in moisture within the soil-plant 

environment. Greater moisture (e.g. plants and soil) should enhance vegetation growth, 

hence increasing NDVI values. The outcome however showed otherwise, particularly 

between year 1998 and 2000, NDMI indicated an increase in moisture over the period 

however NDVI showed no systematic increase. Moreover, in year 2003, NDMI 

decreased (Figure 5.9) while NDVI increased. There seem to be no relationships 

between NDMI, NDVI and rainfall values.  

 
A.) 

NDMI for Native Forest with Rainfall

0
5

10
15
20
25
30

1994 1996 1998 2000 2002 2003
Year

A
m

ou
nt

 o
f 

Pr
ec

ip
ita

ta
tio

n 
(m

m
)

0
5
10
15
20
25

M
ea

n 
N

D
M

I v
al

ue
s

1-day 2-days 3-days F1SWA F2SEF F3NER
 

 
B.) 

NDMI for Non-patchy rehabilitated areas with Rainfall
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NDMI for Patchy rehabilitated areas with Rainfall
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Figure 5.9 Trends of NDMI (Normalised Difference Moisture Index)  for three vegetation 
conditions (native forest, non-patchy and patchy rehabilitated areas) and amounts of 
rainfall 1-day, 2-days and 3-days prior to capture of images 
 

Most of the imageries were obtained in the month of August, particularly for year 2000, 

2002 and 2003. The Bureau of Meteorology of Western Australia recorded August 2002 

(81.2mm) as the driest August in Perth for 15 years, whereas August 2000 was the 

wettest August (497.2mm) since 1996 as well as the coolest in eight years. August 2003 

was recorded as the wettest August (145mm over 15 days)since 1999 (167mm). In 

relation to the months prior to the capture of image in August 2002, the Bureau of 

Meteorology recorded May 2002 as the hottest May (May 2002= 34 degrees Celsius, 

average maximum for May= 21 degrees Celsius) since the Bureau started recording 105 

years ago. June 2002 weather was average however July 2002 rainfall (119mm) was 

well down on average ( July average =173mm). These weather conditions prior to the 

2002 imagery may have affect vegetation and consequently result in the decrease in 

NDVI. In addition, rainfall recorded but not falling on study areas may explain the lack 

of relationship found between rainfall and NDVI.  

 

Another factor that may have caused the decrease of NDVI in 2002 is an atmosphere 

effect. Landsat TM does not have the spectral bands required to correct for an 

atmospheric effect, Vermote and Vermeulen (1999) investigated the effects of ozone, 

water vapour, Rayleigh and aerosol in the atmosphere on NDVI, which are illustrated in 

Figure 5.10 For example. for bare soil with NDVI of 7, ozone amounts varying 

between 0.247-0.480 cm/atm, will cause NDVI values to change 0.015 to 0.041 (which 

is negligible).  
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Atmospheric scattering dominates the visible blue band (wavelength 0.45 - 0.52 μm) in 

the Landsat TM (Liang et al. 2002) because dust, smoke, aerosols, and condensed water 

vapour scatter and block this visible light (Jensen, 1986). Rayleigh scattering subtracts 

relatively more UV and blue light from directly illuminated scenes and adds relatively 

more UV and blue light to shadowed areas. Rayleigh scattering caused by particles 

much smaller than the wavelength of the light; the scattering increases inversely with 

the fourth power of the wavelength, consequently, the shortest wavelengths are most 

scattered (Jensen, 1986). In Landsat TM, the shortest wavelength is the visible blue. 

Therefore, to know whether the decrease in 2002 is because of atmospheric scattering, 

the histograms of visible blue intensity in every Landsat TM image for every year of 

investigation were analysed and compared. The level of scattering was the same for all 

images ~40, therefore it can be concluded that haze or atmospheric scattering is not 

responsible for the decrease of NDVI in 2002. In addition, to ensure that no unusual 

scattering occurred for other bands, histograms for band 3, 4 and 5 were analysed and 

no anomaly was found for year 2002. 

Clearly, NDVI can be used to represent ground LAI at least during the first years after 

rehabilitation. However “mean NDVI values” do not differentiate a rehabilitated area 

with patches of bare soil (patchy rehabilitated area) from a rehabilitated area without 

patches of bare soil (non-patchy rehabilitated area) (refer to the mean NDVI values in 

Table 5.3 and Table 5.4 and Figures 5.11, 5.12 and 5.13). For example in year 2003, 

non-patchy rehabilitated areas and patchy rehabilitated areas have similar mean NDVI 

values of 57 and 56, respectively, although aerial photographs indicate substantial 

patchiness. 

The “minimum” and “range” NDVI values do indicate the presence of bare patches 

within a rehabilitated mine site. This is because bare patches or a low abundance of 

chlorophyll in plants (e.g. dead plants) have zero or low NDVI values. If bare soil 

continues to persist, the range of NDVI values will increase or stay high over time (refer 

to Table 5.4). Typical NDVI values for non-patchy and patchy rehabilitated areas and 

corresponds with photographs are given in Table 5.3 and 5.4, Figure 5.11 and 5.12. 
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igure 5.10 Order of magnitude of atmospheric effects (at maximum amount) for Landsat 

 

F

TM channels 1-5 and 7 and NDVI (for bare soil and forest). Transmission is given as a 

percentage of the increase or decrease of the signal. All the other effects are given in 

absolute units 
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Non- patchy rehabilitated areas (N-RA)  

 

igure 5.11 Image (taken in 2003) of a ≈10 

able 5.3 Typical NDVI data for non-patchy rehabilitated area  
 

* Further ion of n chapter 6

 typical non-patchy rehabilitated area has characteristics of : 

ith time 

re rare 

litation Patchiness Index) 

 

Year Minimum Maximum Range  Mean RPI* 

 

 

 

 

 

 

 

 

 

 
 
F
hectare non-patchy rehabilitated area, 
completed in year 1991 

 

 

T

 

 

 

 

 

 
 discuss RPI i  

 

A

 Increasing NDVI with time 

 decreasing range of NDVI w

 NDVI values of zero do not occur or a

 positive  and increasing values of RPI (Rehabi

 

 

 

 

1994 20 48 28 34 8 
1996 37 59 22 47 36 
1998 35 56 21 47 37 
2000 41 54 13 46 47 
2002 34 47 13 41 44 
2003 50 64 14 57 58 

1 : 1,500
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Patchy rehabilitated areas (P-RA)  

 

igure 5.12 Image (taken in 2003) of a ≈10 

re 

able 5.4 Typical NDVI data for patchy rehabilitated area  

Year Minimum Maximum Range  Mean RPI* 

 
 
 
 
 
 
 
 
 
 
F
hectare patchy rehabilitated area, 
completed in year 1995 
(red dashed circle represents the ba

1 : 1,500 patch) 
 

 

T
 

1994 0 33 33 1 -47 
1996 0 59 59 6 -76 
1998 0 58 58 34 -35 
2000 0 67 67 41 -36 
2002 0 54 54 38 -25 
2003 4 70 66 56 -14 

* Further discu  RPI in chapter 6 
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 negative RPI values or positiv

 54



 
 

 

 

 
 

Figure. 5.13 Aerial photograph (top) and NDVI image (bottom) showing native forest, 

patchy rehabilitated area (rehabilitated in year 1995) and non-patchy rehabilitated area 

(rehabilitated in year 1992) at Huntly, for year 2003 

 

Patchy rehabilitated 
area 

Native forest 

Non- patchy 
rehabilitated area

Patchy rehabilitated 
area  

Native forest 

Non- patchy 
rehabilitated area

1 : 11,000 

1 : 11,000 

 55



5.3 A comparison of NDVI values for pre- and post- mining vegetation 

Results and Discussion 

A comparison of NDVI values for rehabilitated forest and pre-mining native forest at 

the same location shows that NDVI values reached pre-mining values after 

approximately four or more years of growth (Figure 5.14). In addition, post-mining 

(rehabilitated state) NDVI values exceed those for pre-mining condition (native forest). 

This is possible due to the highly suitable environment of the rehabilitated mine site 

(e.g. deep ripping, high fertiliser application, stored water). 
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Figure 5.14 NDVI values for pre- and post- mining conditions (non-patchy rehabilitated 

areas 1, 2 and 3, rehabilitation commenced and completed in year 1997(top); for non 

patchy rehabilitated areas 4,5 and 6, rehabilitation commenced and completed in year 

1999 (bottom)) 

 

The growth rate of vegetation after rehabilitation is completed, depends on many 

factors, including climate, soil conditions and the species of vegetation. NDVI for all 

non-patchy rehabilitated areas (N-RA) showed a sharp increase approximately a year 

after rehabilitation was completed. The Rehabilitation Patchiness Index for N-RA 1 - 3 

and 6 also indicated rapid coverage of bare soil by vegetation approximately a year after 

rehabilitation was completed. The low values RPI for N-RA 4 and 5, indicate the 

continued existence of bare patches 2 years after rehabilitation was completed, 

particularly for N-RA 5, which also explains the low NDVI values for N-RA 5 (Figure 

5.14 and Figure 5.15). Low values of RPI for sites before mining may indicate the 

existence of bare patches. Low RPI values for sites in a pre-mined condition may be due 

to thinning of the forest to prepare the area for mining. Additional knowledge of the 

area’s history is needed to confirm this. 
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Figure 5.15  RPI values for pre- and post- mining conditions for three sites (non-patchy 

rehabilitated areas 1, 2 and 3, rehabilitation commenced and completed in year 1997; for 

non patchy rehabilitated areas 4,5 and 6, rehabilitation commenced and completed in year 

1999) 
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CHAPTER 6 

 

AN ANALYSIS OF THE REHABILITATION PATCHINESS 

INDEX (RPI) 

 

 
6.1 Results and Discussion 

For rehabilitated areas, higher RPI values were associated with denser vegetation. The 

presence of bare patches produces low or negative RPI values. This trend corresponds 

well with observation from aerial photographs. RPI values for ten native forest sites, 

ranged from ~11 to ~ 48 (Table 6.1). 

 
A.) 

1 : 2,500  
Aerial photograph of native forest with RPI = 20 

 
B.) 

1 : 2,500  
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Aerial photograph of native forest with RPI = 28 
 

C.) 

1 : 2,500  
Aerial photograph of native forest with RPI = 40 

 
Figure  6.1 Aerial photographs of native forest with selected areas within blue line with 
various RPI values 
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Table 6.1 Rehabilitation Patchiness Index for ten rehabilitated sites  

Year ID 

Year 
rehabilitation 

completed 

Year 
rehabilitation 

completed RPI Year ID RPI 
Test-
area 1 

Test-area 
6 1994 -41.06 1994 33.37 

    1996 -33.00 1996 32.66 
1998   -23.81 1998   33.92 
2000   -20.78 2000   33.40 19

89
 

19
80

 

    2002 -21.22 2002 33.68 
    2003 -17.49 2003 42.18 

Test-
area 2 

Test-area 
7 1994 27.90 1994 38.85 

    1996 30.25 1996 48.95 
1998   29.44 1998   40.43 
2000   35.61 2000   48.58 19

87
 

19
87

 

    2002 35.75 2002 46.59 
    2003 49.33 2003 60.09 

Test-
area 3 

Test-area 
8 1994 -55.07 1994 7.58 

    1996 -35.13 1996 16.54 
1998   -28.52 1998   -40.42 
2000   -10.88 2000   -64.76 19

94
 

20
01

 

    2002 11.78 2002 -33.39 
    2003 43.11 2003 -1.97 

Test-
area 4 

Test-area 
9 1994 -57.98 1994 8.15 

    1996 -23.03 1996 36.20 
1998   -7.61 1998   37.39 
2000   8.28 2000   47.00 19

94
 

19
91

 

    2002 9.52 2002 43.83 
    2003 22.71 2003 57.92 

Test-
area 5 

Test-area 
10 1994 -5.13 1994 -14.56 

    1996 25.68 1996 -25.82 
1998   14.30 1998   14.25 
2000   21.76 2000   22.16 19

78
 

19
95

 

    2002 19.91 2002 24.56 
    2003 28.36 2003 32.26 

 
 
Arial photographs corresponding to the RPI values in Table 6.1 for Test area 1 to 10. 

are shown in Figure 6.2. RPI values were calculated for the areas bounded by red line.  
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A.) Test Area 1 B.) Test Area 2 

C.) Test Area 3 D.) Test Area 4 

E.) Test Area 5 F.) Test Area 6 

1 5,500 1 : 4,000

1 : 2,5001 : 2,500 

1 : 2,5001 : 3,500 
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G.) Test Area 7 H.) Test Area 8 

I.) Test Area 9 J.) Test Area 10 

1 : 3,0001 : 3,000 

1 : 1,200 1 : 3,000

Figure 6.2 Aerial photographs showing rehabilitated areas (within the red polygon or (red 
line)) used to observe RPI values listed in Table 6.1 
 
Rehabilitation Patchiness Index is observed from the mean, range and maximum NDVI 

values for an area. One disadvantage of this procedure is that the index is very sensitive 

to very low and very high NDVI (outliers). An improvement to the index is therefore 

necessary, which will ignore rare outlier values. Nonetheless the existing RPI values 

show that patchy rehabilitated areas can be easily detected and the degree of patchiness 

can be measured. 

 

Ground truthing of many of the bare patches within the rehabilitated areas indicated that 

many of these were mostly due to human action, including the soil not  being 

adequately ripped, (e.g. Figure. 6.3 B.) and C.)), insufficient fertiliser application, 

inadequate seeding. For the rehabilitated area in figure 6.3 D.), a bare patch exists 
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because the area is located on a pit sump (low point) where  wet clayey conditions 

persist. Several gullies flow towards the area. 

A.) 

1 : 5,000  
Aerial photograph showing patchy rehabilitated area with RPI (2003) = -14 

Rehabilitation completed = 1995 

B.) 

1 : 2,500  
Aerial photograph showing patchy rehabilitated area with RPI (2003) = 3 

Rehabilitation completed = 1994  

(poor ripping in some of this area) 
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C.) 

1 : 1,500  
Aerial photograph showing patchy rehabilitated area with RPI (2003) = 12 

Rehabilitation completed = 1991 

(poor ripping in some of this area) 

 

D.) 

1 : 5,000  
Aerial photograph showing patchy rehabilitated area with RPI (2003) = 11 

Rehabilitation completed = 1992 

(A waterlogged sump area is indicated within red line) 
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E.) 

 
Aerial photograph showing patchy rehabilitated area with RPI (2003) = -14 

1 : 1,500 

Rehabilitation completed = 1995 

Figure 6.3 Aerial photographs showing patchy rehabilitated areas with different RPI 

values 
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Figure 6.4 Diagram illustrating the temporal trend in RPI for the patchy rehabilitated 

area in Figure. 6.3 E.) 
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Another disadvantage of the present calculation of RPI, is the large pixel size, (in this 

study Landsat TM with a resolution of 25m by 25m), which limits the identification of 

small patches. This error was found due to neighbouring cells that are not supposed to 

be calculated however due to the size of pixel and small area size, these cells are 

automatically taken into account. If the neighbouring cells represent healthy vegetation 

(or high in chlorophyll) or bare patches (low or no chlorophyll) an inaccurate result is 

produced. Consequently, for data with a resolution of 25m by 25m, only areas with size 

greater than five hectares can be meaningfully analysed.  

 

The sensitivity to the existence of bare patches of RPI values, approximately four years 

after the completion of rehabilitation, will enable early remediation before the 

surrounding area becomes too densely vegetated. Statistical outputs for all study sites 

selected are available in Appendix D. 
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The radar satellite operates by transmitting a microwave energy pulse to the earth and 

then records the radiation reflected back to the satellite as illustrated in the diagram 

below (Figure 7.1). Figure 7.2 shows that native forest cannot be differentiated from 

even juvenile rehabilitation (older than 1 year of age). Buildings (e.g. crusher) are 

highly reflective and therefore might be mistaken for large trees (refer to Figure 7.2 and 

Figure 7.3). Radar images are sensitive to surface roughness and this  issue has been 

investigated by Saatchi et al. (1997); Tanaka et al. (1997); Suga et al. (1999); Oguro et 

al. (2001) and Moran et al. (2002). 
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This study analysed a single set of RADARSAT data. From the RADARSAT imagery, 

bright pixels indicate strong scattering (e.g. forest) whereas dark pixels indicate weak 

scattering (e.g. bare soil, water). The spatial resolution of RADARSAT is nominally 

equivalent to Landsat TM (30 metres).  

7.1 Results and Discussion 

 

 

RADAR IMAGERY AND BARE PATCHES 

Figure 7.1 Illustration of how the radar satellite o
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Saatchi et al. (1997) suggested that radar imageries of forest are similar to rehabilitated 

vegetation (in this case SIR-C data) due to a large amount of leafy vegetation and 

herbaceous species in forest that do not contribute to biomass calculations but still 

contribute to strong scattering, thus affecting the SAR signal. Townsend (2002) 

compared deciduous forest structure during leaf-on and leaf-off. And showed that 

ground-trunk interaction together with the presence of leaves provided more scattering, 

than when leaves are not present (leaf-off).  

 

Ogura et al. (2001) investigated the potential  of SAR and optical satellite monitoring 

rice fields and other vegetations (Figure 7.4). They found that both type of sensors can 

be used to monitor seasonal growth of rice. NDVI derived from Landsat TM5 showed 

that lawn, forest and matured rice field had high vegetation index values and water had 

negative index values (Figure 7.4). The results from NDVI is as expected due to zero 

biomass in water and the high biomass content in the lawn, forest and mature rice fields. 

Multi-temporal RADARSAT imagery showed that lawn and water had similar 

backscattering coefficients and could not be distinguished (Figure 7.4).  

 

The inverse relationship between NDVI and radar backscatter (particularly 

RADARSAT) was observed by Suga et al. (1999) when comparing golf greens to grass. 

Backscatter level for a golf green was found much less than for grass, even though the 

NDVI values was larger for golf green than the grass. Suga et al. (1999) suggested that 

this inverse relationship between NDVI and backscatter level is due to differences in 

roughness, even for similar vegetation classes.  
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Bare soil has a very different structure to rehabilitated vegetation (e.g. height of 

vegetation, amount of leaves) therefore the sensitivity of radar imagery to surface 

roughness should be effective in detecting patches of bare soil within the rehabilitated 

areas. This study however found that RADARSAT failed to detect patches of bare soil 

within the rehabilitated sites. This failure is believed due to the relatively small sizes of 

bare patches and the speckle noise from the surrounding trees overwhelming the 

backscattering of the bare soil. Tanaka et al. (1997) also encountered the problem of 

speckle noise when analysing forest structure. They found that speckle noise distorted 

the mean radar return for the uniform forest, particularly for areas with size less than 2.2 

hectares (or less than 69 pixels).  

 

The unique non-normal incidence angle of the RADARSAT makes it hard to 

superimpose radar and other remotely sensed images. The sensitivity of RADARSAT to 

surface roughness and speckle noise from surrounding trees, together with many cloud-

free days in Western Australia makes RADARSAT redundant for detecting patches of 

bare soil within the rehabilitated bauxite mine areas. 
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Figure 7.4 Backscattering level for different types of land-use derived from Radarsat 

imagery (top) and NDVI-derived from Landsat TM5 for different types of land-use 

(bottom) (Ogura et al. 2001) 
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CHAPTER 8 

 

CONCLUSION AND SUGGESTED FUTURE WORK 

 

 

Conclusion 

From aerial photographs, the denser vegetated rehabilitated areas can be differentiated 

from native forest. Bare patches can be detected within rehabilitated mine sites. The 

lack of spectral information in aerial photographs make quantitative measurement of 

vegetation impossible. NDVI derived from Landsat TM contains spectral information 

that can be utilised to determine vegetation growth both quantitatively and visually. 

NDVI values for rehabilitated areas greater than four years old are higher than for the 

native forest, this is probably due to deep and contour ripping on the floor of the 

rehabilitated areas, fertiliser application and planting or seeding of large numbers of 

plants.  

 

Interestingly, the sensitivity of NDVIc was similar to that for NDVI for vegetation on 

rehabilitated sites. After approximately 8 years of growth, values of both NDVI and 

NDVIc reach a plateau. Although the vegetation is not mature at this stage and 

continues to grow strongly. 

 

NDVI can successfully represent the growth of vegetation in rehabilitated areas 

however it fails to differentiate rehabilitated areas with and without patches of bare soil. 

To overcome this problem, this study analysed the minimum, maximum and range of 

NDVI values. From these parameters, rehabilitated areas with bare patches can be 

distinguished from areas without bare patches. For non-patchy rehabilitated areas, the 

minimum NDVI values increased over time towards the maximum NDVI values. For 

patchy rehabilitated areas, the minimum NDVI values remained 0 or close to 0, over 

time. By combining these parameters, the degree of vegetation patchiness can be 

determined and this resulted in the production of Rehabilitation Patchiness Index. RPI is 

a simple index, however it can determine the degree of bare patches, regardless of 

different rehabilitation technique and the origin of patches.  
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In addition, RPI values less than 10 are characteristic of a patchy rehabilitated area. The 

greater the RPI value, the smaller the degree of vegetation patchiness. Some 

improvement in this index might be obtained by eliminating extreme outlier NDVI 

values to reduce RPI’s sensitivity to the outliers.  

 

Ground truthing showed that most of the bare patches were due to the soil not being 

ripped properly, miss-seeding, insufficient fertiliser application, a possibility of dieback 

disease or bare patches located in pit sumps (low points). RPI indicates that if bare 

patches continue to exist after approximately 4 years of growth, the rehabilitated area is 

likely to be permanently patchy. The use of RPI for monitoring combined with early 

remediation before the surrounding vegetation become too dense may reduce the 

persistence of bare patches. 

 

Radar imagery was not useful for detecting bare patches, which  combined with the 

many cloud free days in Western Australia makes radar imagery redundant in detecting 

bare patches in rehabilitated bauxite mines. 

 

Suggested Future work 

 

• A way to improve the quality and utility of RPI is to use very high resolution 

imagery, such as that provided by Quickbird and Ikonos, in which the pixel size is 

4m by 4m, whereas the resolution of Landsat TM is 30m by 30m. The error from 

neighbouring cells for smaller bare patches, will be reduced and thus increase the 

measurement accuracy and the specific identification of bare patches. 

• More detailed analysis on the soil at bare patches should be carried out to determine 

whether bare patches are due to irregularity in the soil, e.g. shallow soil to bedrock, 

waterlogging, improper ripping or other factors. 

• RPI should be modified to reduce its sensitivity to outlier NDVI values. 

• Develop and apply improved atmospheric correction procedures to reduce the effect 

of aerosol, ozone, water vapour and rayleigh in the atmosphere on NDVI and RPI 

values. 

• Use hyper-spectral imagery to develop vegetation indices such as cellulose index 

and water stress index. 
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Appendix A. Landsat Data Characteristics 

6.1 Scientific Theory of Measurements 

When solar energy strikes an object, five types of interaction are possible. The energy 

is:  

1.Transmitted. The energy passes through with a change in velocity as determined by 

the index of refraction for the two media in question.  

2.Absorbed. The energy is given up to the object through electron or molecular 

reactions.  

3.Reflected. The energy is returned unchanged with the angle of incidence equal to the 

angle of reflection. Reflectance is the ratio of reflected energy to that incident on a 

body. The wavelength reflected (not absorbed) determines the colour of an object.  

4.Scattered The direction of energy propagation is randomly changed. Rayleigh and 

Mie scatter are the two most important types of scatter in the atmosphere.  

5.Emitted. Actually, the energy is first absorbed, then re-emitted, usually at longer 

wavelengths. The object heats up.  

The Landsat-7 system is designed to collect 7 bands or channels of reflected energy and 

one channel of emitted energy. A well calibrated ETM+ enables one to convert the raw 

solar energy collected by the sensor to absolute units of radiance. Radiance refers to the 

flux of energy (primarily irradiant or incident energy) per solid angle leaving a unit 

surface area in a given direction. Radiance corresponds to brightness in a given 

direction toward the sensor, and is often confused with reflectance, which is the ratio of 

reflected versus total power energy. Radiance is what is measured at the sensor and is 

somewhat dependent on reflectance.  

The eight bands of ETM+ data are used to discriminate between Earth surface materials 

through the development of spectral signatures. For any given material, the amount of 

emitted and reflected radiation varies by wavelength. These variations are used 
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to establish the signature reflectance fingerprint for that material. The basic premise of 

using spectral signatures is that similar objects or classes of objects will have similar 

interactive properties with electromagnetic radiation at any given wavelength. 

Conversely, different objects will have different interactive properties. A plot of the 

collective interactive mechanisms (scattering, emittance, reflectance, and absorption) at 

wavelengths on the electromagnetic spectrum should, according to the basic premise, 

result in a unique curve, or spectral signature, that is diagnostic of the object or class of 

objects. A signature on such a graph can be defined as reflectance as a function of 

wavelength. Four such signatures are illustrated in Figure 6.1  

 
Figure 6.1 Spectral Reflectance Curves of Four Different Targets 

ETM+ data can be used to plot spectral signatures although the data are limited to eight 

data points within the spectral range of .45 to 12.5 µm. More useful is plotting the 

ETM+ spectral signatures in multi-dimensional feature space. The four surface 

materials shown in Figure 6.1 are plotted in Figure 6.2 using just two of the ETM+ 

spectral bands. (GL representing grasslands, PW representing pinewoods, RS 

representing red sand, and SW representing silty water) may be characterized as 

distinct.  

 89



 
Figure 6.2 Spectral Separability Using Just Two Bands 

Each of the materials has been plotted according to its percent reflectance for two of the 

wavelengths or spectral bands. When more than two wavelengths are involved, the plots 

in multi-dimensional space tend to increase the separability among different materials. 

This spectral separation forms the basis for multispectral analysis where the goal is to 

define the bounds of accurately identified data point clusters  

6.2 Spatial Characteristics 

Spatial resolution is the resolving power of an instrument needed for the discrimination 

of features and is based on detector size, focal length, and sensor altitude. More 

commonly used descriptive terms for spatial resolution are ground sample distance 

(GSD) and instantaneous field of view (IFOV). The IFOV, or pixel size, is the area of 

terrain or ocean covered by the field of view of a single detector. The ETM+ ground 

samples at three different resolutions; 30 meters for bands 1-5, and 7, 60 meters for 

band 6, and 15 meters for band 8. Figure 6.3 illustrates the ETM+ IFOV for bands 1-5 

and 7 relative to other sensors and a football field. IKONOS, the recently launched 

Space Imaging sensor, has an IFOV of 1 meter. The French SPOT panchromatic sensor 

an IFOV of 10 meters whereas the SPOT multispectral (XS) sensor has an IFOV of 20 

meters. ETM+ has an IFOV of 30 meters for bands 1-5, and 7 of 30 meters while the 

Indian Remote Sensing Satellite (IRS) has an IFOV of 36.25 meters.  
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Figure 6.3 ETM+ Spatial Resolution Relative to Other Sensors 

A standard WRS scene covers a land area approximately 185 kilometres (across-track) 

by 180 kilometres (along-track). A more  

precise estimate for actual scene size can be calculated from the 0R product image 

dimensions. These are listed in table 6.1  

Table 6.1 Image Dimensions for a Landsat 7 OR Product 

Band Number Resolution 

(meters) 

Samples Data Lines Bits per 

(columns) (rows) Sample 

1-5, 7 30 6,600 6000 8 

6 60 3,300 3,000 8 

8 15 13,200 12,000 8 

It is natural to assume that one could determine a scene's spatial extent by multiplying 

the rows and columns of a scene by the IFOV. This would lead to a scene width of 198 

kilometres (6600 samples * 30 meters) and a scene length of 180 kilometres (6000 lines 

* 30 meters). While this calculation applies to scene length, the scene width calculation 

is more complicated due to the presence of image buffers and the staggered image bands 

in the 0R product. Left and right image buffers were placed in the 0R product to 

accommodate a possible increase in scan line length over the mission's life. The 

staggered image bands result from the focal plane design which LPS accounts for by 

registering the bands during 0R processing. The end result is an increasing amount of 

zero-fill preamble according to the band order on the ground projected focal plane array.  
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The detector offsets determine the amount of zero fill preamble for each band. These are 

listed in Table 6.2 and can also be found in the CPF. Coincident imagery for all 8 bands 

starts at pixel location 247 for the 30 meter bands. One need only to look at at the 

reverse scan odd detector offset for band 6 to see that this is true. This number, 116, is 

actually in 60 meter IFOVs which translates to 232 30 meter pixels. Another 14 pixels 

must be added to this number to account for the seven minor frames of image data pre-

empted by time code. Coincident imagery for all 8 bands ends at pixel location 6333 for 

the 30 meter bands. This number is determined by looking at the reverse even detector 

offset for band 8. Add to this number the value 12,626 which represents the number of 

band 8 pixels per line (6313 minor frames times 2). The total, 12,666, is halved to put 

the ending pixel number into 30 meter units. The number of coincident images pixels in 

a scan is therefore 6087 (6333 - 247 + 1). The nominal width for a scene is therefore 

182.61 kilometres (6087 * 30 meters).  

Table 6.2 ETM+ Detector Shifts 

Band Number Forward Scan 

Even Detectors

Forward Scan

Odd Detectors

 Reverse Scan

Even Detectors 

 Reverse Scan 

Odd Detectors 

1 49.0 51.0 45.0 48.0 

2 74.0 76.0 70.0 73.0 

3 99.0 101.0 95.0 98.0 

4 124.0 126.0 120.0 123.0 

5 195.0 197.0 191.0 194.0 

6 110.0 113.0 114.0 116.0 

7 169.0 171.0 165.0 168.0 

8 50.0 54.0 40.0 44.0 

6.3 Temporal Characteristics  

6.3.1 Orbit Times 

The Landsat 7 orbit is sun synchronous, as shown in figure 6.4. Consequently, the 

geometric relationship between the orbit's descending, or southbound, track and the 

mean projection of the sun onto the equatorial plane will remain nearly constant through 

the mission. As a result, the mean sun time at each individual point in the orbit will 

remain fixed, and in fact, all points at a given latitude on descending passes will have 
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the same mean Sun time. For Landsat 7, the nominal mean sun time of the descending 

node at the Equator is 10:00 AM.  

 
Figure 6.4 Sun Synchronous Orbit of Landsat 7 

A fixed mean sun time does not mean that local clock time will remain fixed for all 

points at a given latitude, since discrete time zones are used to determine local time 

throughout the world. The local time that the satellite crosses over a given point at 

latitudes other than at the equator also varies due to the time the satellite takes to reach 

the given point (nearly 99 minutes are required for one complete orbit), and the time 

zones crossed by the satellite relative to its equatorial crossing point.  

6.3.2 Sun Elevation Effects 

While the orbit of Landsat 7 allows the spacecraft to pass over the same point on the 

Earth at essentially the same local time every 16 days, changes in sun elevation angle, 

as defined in figure 6.5, cause variations in the illumination conditions under which 

imagery is obtained. These changes are due primarily to the north-south seasonal 

position of the sun relative to the Earth  (figure 6.6).  

 
Figure 6.5 Sun Elevation Angle 

 93



The actual effects of variations in sun elevation angle on a given scene are very 

dependent on the scene area itself. The reflectance of sand, for example, is significantly 

more sensitive to variations in sun elevation angle than most types of vegetation. 

Atmospheric effects also affect the amount of radiant energy reaching the Landsat 

sensor, and these too can vary with time of year. Because of such factors, each general 

type of scene area must be evaluated individually to determine the range of sun 

elevation angles over which useful imagery can be realized.  

 
Figure 6.6 Effects of Seasonal Changes on Solar Elevation Angle 

Depending on the scene area, it may or may not be possible to obtain useful imagery at 

lower sun elevation angles. At sun elevation angles greater than 30 degrees, one should 

expect that all image data can be fully exploited. A sun elevation angle of 15 degrees, 

below which no imagery is acquired, has been established for the Landsat 7 mission.  

Apart from the variability of scene effects, sun elevation angle is itself affected by a 

number of perturbing forces on the Landsat orbit. These include forces such as 

atmospheric drag and the sun's gravity. They have the effect of shifting the time of 

descending node throughout the year, and this results in changes to the nominal sun 

elevation angle. The effects of orbit perturbations, however, can be considered minor 

for most applications.  

6.3.2 Revisit Opportunities 

Repeat imaging opportunities for a given scene occur every 16 days. This does not 

mean every scene is collected every 16 days. Duty cycle constraints, limited onboard 

recorder storage, the use of cloud cover predictions, and adherence to the Long Term 

Acquisition Plan make this impossible. The goal, however, is to collect as much 

imagery as possible over dynamically changing landscapes. Deserts do not qualify and 

thus are imaged once or twice per year. Temperate forests and agricultural regions 
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qualify as dynamic and are imaged more frequently. Figure 6.7 illustrates archived 

imagery during the mission's first 112 days. Although the mission is still young, certain 

trends are emerging. The U.S including Alaska is quite green because every imaging 

opportunity is expoited. North Africa is mostly desert and appears red. Northern Asia is 

mostly red and yellow due to recorder constraints.  

 
Figure 6.7. Landsat 7 data archived during the first 112 days of operation. 

The importance of imaging dynamically changing landscapes frequently is illustrated in 

Figure 6.8. The image on the left was acquired over Salt Lake City on August 14, 1999 

while the other was acquired four cycles later on October 17, 1999. The band 

combination for both images is 5-4-2. The dramatic colour changes in the mountains to 

the east of Salt Lake City indicate the mountain growing season is over. A multi-

temporal analysis using images such as these allows one to resolve, with greater 

accuracy, key landscape components such as biomass, species components, and 

phenological growth patterns.  

 
Figure 6.8. August 14, 1999 (left) and October 17, 1999 (right) images of the Salt 

Lake City area 
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 6.4 Radiometric Characteristics  

6.4.1 Gain States 

The ETM+ images in either a low or high gain state (Figure 6.9). Gain selection is 

controlled by the MOC and is performed by changing the reference voltage for the 

analog to digital converter. The science goal in switching gain states is to maximize the 

instrument's 8 bit radiometric resolution without saturating the detectors. This requires 

matching the gain state for a given scene to the expected brightness conditions. For all 

bands, the low gain radiometric sensitivity is approximately 1.5 times the high gain 

sensitivity. It makes sense, therefore, to image in low gain mode when surface 

brightness is high and in high gain mode when surface brightness is lower. Table 6.3 

lists the dynamic range for all bands in both the low and high gain states.  

 
Figure 6.9 ETM+ High and Low Gain States  

Table 6.3 ETM+ Dynamic Range watts / (meter squared *str *µm) 

   Low Gain High Gain 

Band Minimum 

Radiance 

Maximum Minimum Maximum 

Radiance Radiance Radiance 

1 0.00 28.57 0.00 19.00 

2 0.00 29.13 0.00 19.37 

3 0.00 22.50 0.00 14.96 
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4 0.00 22.50 0.00 14.96 

5 0.00 4.73 0.00 3.25 

6 0.00 1.721 0.3169 1.278 

7 0.00 1.67 0.00 1.088 

8 0.00 23.50 0.00 15.63 

      

6.4.2 Gain Settings 

For WRS scenes which are designated for acquisition, the per-band sensitivity of the 

instrument is set by adjusting the gain to conditions expected for that location at that 

time of year. Bands 1, 2, and 3 are set to high or low gain as a group. Gain settings for 

bands 5 and 7 are set similarly. Band 6 is acquired in both high and low gain mode 

while bands 4 and 8 are set individually according to land surface brightness conditions. 

Band gains are set on a month by month basis. The graphics in Table 6.4 illustrate 

which land areas are affected through the course of the year. The nominal gain file 

contains a complete list of gain states, organised by month and WRS location, for 

daytime scenes. The default gain setting for night-time acquisitions is high for bands 1 

through 4 and low for bands 5, 7, and 8. All bands are set to high for calibration image 

acquisition.  

 6.5 Landsat Niche 

The civilian space-based remote sensing industry is characterized by the ground 

footprint, spatial resolution, and the spectral channels of today's sensors. On one end of 

the scale are the low-resolution, large footprint, multi-spectral sensors such as NOAA's 

polar orbiters that have one-kilometre resolution and a 2000-kilometer swath or 

footprint. On the other end are high resolution, small footprint, panchromatic snapshot 

sensors such as IKONUS which was recently launched by Space Imaging. As depicted 

in Figure 6.22, Landsat 7 occupies a unique niche between these two extremes.  
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Figure 6.22 Landsat Sensing Characteristics Relative to Other Satellite Systems  

The horizontal bars represent proportionately scaled footprints of the sensors on the left. 

Listed with each sensor is its spatial resolution, spectral coverage, and radiometric 

calibration accuracy. The right side of the chart lists the sensor's temporal resolution and 

pointing capability. Upon careful examination of this chart, one can quickly ascertain 

Landsat's unique niche. No other sensor can match Landsat's uncommon characteristics 

which include repetitive, broad-area, and global coverage at high spatial resolution in all 

four passive optical regions of the electromagnetic spectrum (i.e. visible, near IR, short-

wave IR, and thermal IR regions), and accurate radiometric calibration. In addition, 

Landsat's retrospective archive stretches back 25 years.  
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Appendix B. Radiometric Calibration For Landsat TM 

8.1 Overview  

A major objective of the Landsat-7 program is to upgrade the radiometric quality of the 

data to be commensurate with the other sensors in the Earth Observing System (EOS). 

Unlike its predecessors, a specific goal of the Landsat-7 program is to achieve 

radiometric calibrations of the data to ± 5% uncertainty over the 5 year life of the 

mission. Pre-launch, the mission design supports this requirement through hardware 

design changes, and instrument characterizations. Post-launch or on-orbit, this 5% 

requirement is supported by a monitoring and calibrations program, and the 

implementation of any necessary changes to the ground processing of the data.  

8.2 Pre-Launch  

8.2.1 Spectral Characterization 

The measured wavelength locations of the ETM+ spectral bands are compared to 

Landsat 5's TM in Table 8.1. The spectral bandwidths are determined by the combined 

response of all optical path mirrors (i.e. primary, secondary, scan line corrector, 

scanning), the spectral filters, and the individual detectors. The spectral filters, located 

immediately in front of each detector array, are the dominant items that establish the 

optical band pass for each spectral band. The prime focal plane assembly has a filter 

housing that contains filters for bands 1 through 4 and the panchromatic band. The cold 

focal plane assembly has a filter housing that contains filters for bands 5 through 7.  

Table 8.1 and ETM+ Spectral Bandwidths 

Bandwidth  (µ) Full Width - Half Maximum 

Band1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Sensor 

Plot Plot Plot

Data Data

  Plot Plot

Data Data

  Plot Plot Plot

Data Data

  

Data Data

TM 0.45-0.52 0.52-

0.60 

0.63-

0.69 

0.76-

0.90 

1.55-

1.75 

10.4-

12.5 

2.08-

2.35 

N/A 

ETM+ 0.45-0.52 0.53- 0.63- 0.78- 1.55- 10.4- 2.09- .52-.90 
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0.61 0.69 0.90 1.75 12.5 2.35 

A discrete spectral shift occurred on Landsat 5 TM has been largely attributed to filter 

outgassing. The ETM+ filters were made using a process called ion assisted deposition 

(IAD) which presumably makes the filters resistant to this phenomenon. In addition, the 

new filters have shown significant improvement in band edge responses as compared to 

Landsats 4 and 5.  

8.2.2 Radiometric Calibration 

Reflective Band Calibration and Monitoring  

spherical integrating sources (SIS)Two  were used to calibrate the ETM+ prior to 

launch. The first - a 100 cm source (SIS100) is equipped with 18 200-watt lamps; 6 45-

watt lamps, and 10 8-watt lamps. It provides radiance levels covering the full dynamic 

range of the instrument in all bands, and at least 10 usable radiance levels for each band 

for each gain state. The SIS100 was used to perform the primary radiometric calibration 

of the ETM+ in August 1997 and was also used for the pre-launch calibration of AM-1's 

Moderate Resolution Imaging Spectroradiometer (MODIS). The second source is a 122 

cm (48") SIS with 6 200-watt lamps; 2 100-watt lamps, and 4 25-watt lamps. The SIS48 

was used for monitoring the radiometric calibration of the ETM+ five times during 

instrument and spacecraft level testing. During SIS calibrations the Bench Test Cooler 

(BTC) was used to maintain the temperature of the Cold Focal Plane at 105&degK. This 

was the only one of the three temperature set points for the cold focal plane that could 

be obtained in ambient pressure and temperature conditions.  

The calibration data reduction is performed as follows:  

(1)  ETM+ band spectral radiances (Ll,b,s), for band "b", and sphere level "s", are 

calculated as:  
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The slopes of these regression lines are the responsivities or gains, (G(d,b), and the 

intercepts are the biases, B(d,b). The Landsat Project Science Office (LPSO) will 

review the various integrating sphere calibrations and their effective transfer to the 

ETM+ before deciding which calibration should go the IAS to represent the pre-launch 

IAS.  

Thermal Band Calibration  

The radiometric calibration of band 6, the thermal band, is fundamentally different than 

the reflective bands as the instrument itself contributes a large part of the signal. A 

model of this temperature dependent instrument contribution has been developed by 

SBRS. The calibration for band 6 is formulated as:  
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The pre-launch calibration of band 6 is primarily a calibration of this model. The 

radiometric calibration of the thermal band occurs during thermal vacuum testing. 

During this test the ETM+ is aligned to the Thematic Mapper Calibrator (TMC), a 

collimator with selectable sources at its focus. During the band 6 calibration, blackbody 

sources will be used in the TMC. The band 6 detectors' responses to combinations of 

various TMC blackbody and instrument temperatures are used to calibrate the 

instrument and to refine emitted radiance contributions from various internal ETM+ 

components. The results of this calibration are nominal gains and biases for band 6, and 

the emissivity adjusted view factors (a(j)) for the various internal components of the 

ETM+ that affect the band 6 calibration. The gains and biases are included in the CPF 

as pre-launch values for band 6.  

 8.3 Post-Launch  

The post-launch radiometric calibration of the ETM+ is accomplished by regularly 

examining the instrument's response when illuminated by known sources that are 

relatively stable. The ETM+ has 3 on-board calibration devices, namely, the Internal 

Calibrator (IC), the Partial Aperture Solar Calibrator (PASC), and the Full Aperture 

Solar Calibrator (FASC). The IC is useful for calibrating all ETM+ bands, while the 

PASC and FASC are mainly useful for the reflective bands. 

Ground look calibrations are occasionally performed to confirm, via independent 

analysis, the accuracy of the calibration using on-board sources.  

8.3.1 Internal Calibrator  

The IC consists of a shutter flag, 2 tungsten lamps, and a blackbody source (Figure 2). 

The shutter flag, located immediately in front of the prime focal plane, oscillates in 

synchronization with the scan mirror. At the end of each scan the shutter blocks light 

from the earth, from the focal planes . In addition, the shutter flag relays light from the 

IC lamps and blackbody, to the detectors. The two IC lamps are situated near the base 

of the internal calibrator flag. Light from either or both lamps is directed through optics 

at the pivot point of the flag, into a sapphire rod contained within the flag. This rod 

transfers the light up the shutter flag and splits it into separate paths for each of the 
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spectral bands. The light is directed out of the shutter flag and onto the focal planes by 

additional optics in the head of the instrument. The light separated for each band is 

aligned so that it impinges on the appropriate detectors.  

The IC lamps are supplied with a regulated voltage across a combination of the lamp 

and a resistor, resulting in quasi-constant power being supplied to the lamp. Each lamp 

can be commanded "on" or "off", such that 4 lamp states are possible (both "off" [0,0], 

one "on" [0,1] or [1,0] or both "on" [1,1]). The IC was designed to have one lamp 

produce a usable signal in all bands. Note, both lamps "on" will saturate some bands 

particularly in high gain mode.  

The IC blackbody is situated off the optical axis of the instrument. When the shutter 

flag passes in front of the primary focal plane, radiation from the blackbody is reflected 

off of a toroidal mirror on the flag, into the aft optics of the ETM+ and onto the band 6 

detectors. The portion of the shutter flag imaged by band 6, exclusive of the area where 

the toroidal mirror is located, is coated with a high emissivity paint and acts as the 

second source for band 6 calibration. This portion of the shutter flag is also 

instrumented with a thermistor. The blackbody has three set point temperatures namely, 

30°C, 37°C and 46°C.  

The ETM+ IC, although similar to the IC on the Landsat-6, differs from the IC's on 

Landsat-4 and Landsat-5, in 5 principal ways: (1) the ETM+ uses 2 lamps (4 states) 

instead of 3 lamps (8 states), (2) a more compact filament results in a higher flux 

incident on the IC optics, though the lamps are nearly identical in terms of current and 

voltage ratings, (3) the control circuit for ETM+ uses voltage regulation in the primary 

operation mode, whereas TM used radiance stabilization in the primary mode, and 

voltage regulation in the backup mode, (4) ETM+ uses sapphire rods to transmit the 

energy from the base of the flag to the head of the shutter flag, while the TM's used 

fiber optics in an attempt to improve the uniformity of the calibration flux at the focal 

plane, (5) the ETM+ does not retain the lamp sequencer used on TM to automatically 

cycle through the lamp states.  

When the ETM+ is operating, the shutter flag oscillates in synchronization with the scan 

mirror. The size of the shutter flag and its speed of movement combine to provide 

obscuration of the light to each detector for about 8.2 msec, or 750 pixels, for the 30 

meter channels; the light pulse for the reflective bands, has a width of approximately 40 
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pixels (Figure 3). For band 6, the calibration signal is similar with the blackbody pulse 

being about 20 pixels wide (Figure 4).  

8.3.2 Full Aperture Solar Calibrator  

The Full Aperture Solar Calibrator (FASC) is a white painted panel that is deployed in 

front of the ETM+ aperture and diffusely reflects solar radiation into the full aperture of 

the instrument as illustrated in Figure 8.1. With known surface reflectance, solar 

irradiance and geometry conditions, this device behaves as an independent, full aperture 

calibrator. The device consists of an octagonally shaped, aluminium honeycomb paddle 

on a motorized arm. On command, the motor rotates the panel from its stowed position 

away from the ETM+ aperture, to an inclined position in front of the ETM+. When 

stowed the panel rests adjacent to the stow cover which reduces the exposure of the 

panel to contaminants and UV radiation. The centre 51 cm of the FASC panel is painted 

with the classic formulation of YB71, an inorganic flat white paint designed for 

spacecraft thermal control. This paint was selected for its near Lambertian properties, 

high reflectance, and apparent stability in a space environment. When in the 

calibrate position the angle between the sensor nadir vector, and the panel normal, is 

specified to be 23.5°. In use, the panel can be illuminated by the sun from 90° zenith 

angle (i.e. sunrise on panel) to about 67° zenith angle. Below 67 degrees, the instrument 

begins to shade the panel. Depending on the time of year the solar azimuth angle with 

respect to the velocity vector of the ETM+, varies from 23° to 37°. The relative azimuth 

between the nadir view vector and the solar illumination varies across the same range 

(Figure 6).  

ETM+ image data acquired with the FASC will appear to be an essentially flat field 

with vignetted cross track edges. The image will increase in brightness along track as 

the solar zenith angle (SZA) on the panel decreases (roughly at 1/cos(SZA)).  

Specifications require the FASC to fill the ETM+ aperture for the central 1000 pixels 

(approx 1/6 of each scan line); the design nominally fills the aperture for the central 

~50% of the scan line. As the mirror scans, the view angles to the FASC panel change.  

If the nadir viewing pixel has the nominal 23.5 deg view angle and a 0 deg view 

azimuth angle, then at the extreme ends of the scan, the view zenith angle increases by 

about 1 deg, and the view azimuth angle varies by +/- 30 degs. Pre-launch BRDF 

measurements indicate that the radiance change across the scan, should be a 1% effect 
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across the full scan assuming the aperture is filled. Across the central 1000 pixels, this 

translates into a 0.1% effect.  

8.3.3 Partial Aperture Solar Calibrator  

The Partial Aperture Solar Calibrator (PASC) is used for calibrating bands 1-5, 7 and 8 

and consists of a small passive device that allows the ETM+ to image the sun while 

viewing a 'dark earth'. It is attached to the ETM+ sun shade and permanently obscures a 

small portion (~0.5%) of the aperture. It consists of four essentially identical sets of 

optical elements each in a slightly different orientation. Each set (or facet) consists of an 

uncoated silica reflector, a 45 degree mirror, and an aperture plate with a precision 

drilled small aperture (~4 mm) (Figure 7). The combination of the small aperture and 

the uncoated silica reflector reduces the signal amplitude sufficiently to bring it into the 

ETM+ dynamic range. The four facets are duplicated to account for angular variations 

riented such that in any given orbit, as the 

satellite passes out of solar eclipse (i.e space 

vehicle sunrise) in the vicinity of the north 

pole, at least one facet will reflect sunlight 

directly into the ETM+ aperture and the 

ETM+ will image the sun.  

of Sun position with season. They are o

Recent SBRS measurements of the 

  Figure 8.9 Simulated ETM+ PASC scene 

The PASC will generate a reduced resolution image of the sun, the resolution being 

alignment between the PASC and scanner 

assembly, have revealed a design 

misalignment which resulted in a nominal declination angle of the PASC (relative to 

spacecraft nadir) of 20 degrees, versus the prescribed 18 degrees. This increase in 

declination effectively forces the Spacecraft to acquire PASC scenes earlier in its orbit 

(i.e. closer to spacecraft sunrise). Although the spacecraft solar panel undergoes a 

period of thermal instability during sunrise, an analysis of the resultant spacecraft jitter 

has shown minimal impact (< 1%) to the acquisition of PASC data.  

limited by diffraction from the small apertures. This diffraction effect is wavelength 

dependent. For example, in band 1 the blur will extend across about 7 pixels (at the first 

dark ring of the diffraction pattern), and in band 7 the extent is about 32 pixels. In 
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addition to the blur, the image will be elongated in the "along-track" direction. The 

"along-track" movement across the solar disk can best be expressed in terms of the 

spacecraft pitch rate (i.e. 360 degrees in ~100 minutes or ~3.6 degrees/minute). By 

comparison, the ground is normally scanned at 16 instaneous field of views (IFOV's). 

This equates to .039 degrees (16 * .0024 degrees) per 72 msec scan or ~32.5 

degrees/minute. Thus the sun image will be oversampled along track by a factor of 

about 9. One other contributor to the rendition of the solar image, is the scanning 

direction which is not perpendicular to the motion of the sun - the angle between the 

two can be as small at 45 degrees. These combined effects of oversampling, and a non-

orthogonal scan pattern, produce an elongated, skewed image of the sun as seen in 

Figure 8.9.  

Within a PASC processed image, it is anticipated that most uniform portions of the solar 

PASC calibration is performed once a day, every day, on the orbit specified by the IAS. 

Conversion coefficients radiance-reflectance 

The radiance as measured by the instrument at the top of the atmosphere are dependant 

The equation to be applied to each single pixel is the following:  

disk center will be approximately 200 pixels in width for bands 1-5, 7, 105 pixels for 

band 6, and 410 pixels for band 8.  

The IAS will order the resulting data from the EDC DAAC for calibration processing 

and assessment.  

of the solar irradiance at that level. To avoid variations of the radiance due to yearly 

variation of the solar irradiance one has to normalise the radiance measured by the 

satellite to reflectance. These values will then be comparable from one date to the other. 

This simplifies the work of a photo-interpret and allow inter-date comparison of images. 

The obtained accuracy is just dependant on the calibration accuracy.  
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The conversion coefficients are given in the radiometric record of the leader file and are 

unique for each image, (ESA, 1994). For future atmospheric correction processing, a 

grid of coefficients shall be computed at different grid points to account for the variation 

of the solar zenith angle within the image. The conversion coefficients are given for 

information only, they are not applied to the data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 107



Appendix C. Geometric Calibration for Landsat TM 

 9.1 Overview                                                                     

This chapter describes the geometric characterization and calibration activities that will 

be performed over the life of the Landsat 7 mission using the software tools developed 

as part of the Landsat 7 Image Assessment System . The IAS provides the capability to 

routinely perform four types of geometric characterization to verify and monitor system 

geometric performance, and three types of geometric calibration to estimate improved 

values for key system geometric parameters.  

The geometric characterizations include:  

1.geodetic accuracy assessment to measure the absolute accuracy of Level 1Gs   

(systematic) corrected products;  

2.geometric accuracy assessment to qualitatively and quantitatively evaluate residual 

internal geometric distortions within Level 1Gs images;  

3.band to band registration assessment to measure and monitor the relative alignment of 

the eight ETM+ spectral bands; and  

4.image-to-image registration assessment to measure and monitor multi-temporal image 

registration accuracy.  

The geometric calibration capabilities provided by the IAS include:  

1.sensor alignment calibration to provide improved knowledge of the geometric 

relationship between the ETM+ optical axis and the Landsat 7 attitude control reference 

system;  

2.scan mirror calibration to measure and correct any systematic deviations in the ETM+ 

scan mirror along and across scan profiles; and  

3.focal plane calibration to measure and provide improved estimates of the eight band 

center locations on the two ETM+ focal planes relative to the ETM+ optical axis. 

Techniques for measuring and estimating improved values for individual detector 
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locations and delays are being researched and may be added to the IAS as a post-launch 

capability.  

The most critical geometric calibration activities involve measuring and verifying the 

Landsat 7 ETM+ system performance during the Initial On-orbit Checkout (IOC) period 

using the geodetic, geometric, band-to-band, and image-to-image characterization 

capabilities, and to perform the initial sensor alignment calibration. Refining the pre-

launch sensor alignment knowledge is critical to ensure that the Level 1Gs product 

geodetic accuracy specification can be met. Sufficient supporting data sets (e.g., ground 

control, terrain data) to perform these characterization and calibration activities must be 

available at launch. 

The second priority during the IOC period will be to verify and, if necessary, update the 

pre-launch focal plane (particularly band placement) and scan mirror profile 

calibrations. The results of these initial calibration activities will be used to verify that 

the system is performing within specifications and to create an initial post-launch 

release of the Calibration Parameter File which can be used by the IAS or the Landsat 7 

Level-1 Product Generation System (LPGS) to create Level 1G products which meet 

the Landsat 7 geodetic accuracy requirements.  

After the IOC period, ongoing calibration activities will monitor the stability of the 

Landsat 7 ETM+ system's geometric performance and attempt to identify and 

characterize any systematic variations in the system's geometric parameters. This will 

include processing additional calibration scenes under a variety of acquisition 

conditions (e.g., orbital position, ETM+ time on) to measure the system's geometric 

performance as a function of time, temperature, and location.  

 9.2 Sensor Alignment Calibration  

The goal of the sensor alignment calibration is to improve the in-flight knowledge of the 

relationship between the ETM+ instrument and the Landsat 7 navigation base reference. 

The IAS is required to estimate this alignment to an accuracy of 24 arc seconds (per 

axis) at least once per calendar quarter. This calibration will use discrete ground control 

points in a set of pre-defined calibration reference scenes.  
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The primary challenge in alignment calibration is the need to estimate the underlying 

alignment trend (assumed initially to be a bias) from a series of precision correction 

solutions which measure a combination of orbit, attitude, and alignment errors. 

Landsat 7 will have more accurate (estimated to be in the 10-50 meter range versus 133 

meter accuracy for the ephemeris downlinked in the Payload Correction Data) post-pass 

definitive ephemeris data available for the alignment calibration test 

scenes, reducing the uncertainty due to orbital errors. This precise ephemeris is provided 

by the GSFC Flight Dynamics Facility (FDF) upon request from the IAS. Multiple 

precision correction solutions will be integrated using a Kalman filter algorithm to 

estimate the best fit systematic alignment bias. As additional precision correction 

solutions are processed by the Kalman filter, the filter's estimates of the alignment 

biases will improve.  

Periodically, an IAS analyst will decide that the alignment knowledge has changed 

enough to warrant generating an updated sensor alignment matrix for inclusion in the 

Calibration Parameter File. Initially, this decision is based on the alignment bias 

covariance estimates generated by the Kalman filter. A new set of CPF parameters are 

generated as soon as the bias estimate standard deviation move below the 24-arc second 

alignment accuracy requirement threshold. During normal operations, a new lignment 

matrix is generated whenever a new version of the CPF was scheduled for release.  

9.3 Scan Mirror Calibration  

The behaviour of the ETM+ scan mirror is measured and, if necessary, calibrated using 

the IAS scan mirror calibration capability. 

This process compares a terrain corrected image to a high accuracy reference image 

constructed from a higher resolution source, to detect systematic deviations of the scan 

mirror motion from its nominal profile. The support data used to construct the terrain 

corrected image is used to generate test points which can be related to a particular time 

within a particular forward or reverse scan. By comparing these test points to the 

reference image and analyzing the measured deviations as a function of scan direction 

and scan time, it will be possible to estimate corrections to the pre-launch scan mirror 

profiles, if needed. Any significant deviations detected will be folded back into the 

Calibration Parameter File as updates to the mirror profile polynomial coefficients.  
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Scan mirror calibration applies to both the along and across scan directions so it will 

detect and compensate for Scan Line Corrector (SLC) deviations as well. In practice, 

SLC deviations will be indistinguishable from scan mirror deviations so we have chosen 

to model the deviations as part of the scan mirror motion. Detecting systematic 

deviations which can be attributed to mirror motion requires reference points which can 

be uniquely associated with individual forward and reverse ETM+ scans and which 

provide a good distribution of observations as a function of scan angle. The current 

approach to acquiring such a control reference is to use spatially accurate reference 

imagery for one or more calibration areas. The scan mirror calibration procedure will 

compare a precision and terrain corrected ETM+ panchromatic band image with the 

reference image constructed from USGS Digital Orthophoto Quadrangle (DOQ) data to 

detect within-scan mirror deviations. This involves constructing an array of points in the 

ETM+ scan geometry which are mapped to the output terrain corrected product. These 

points, with known scan number and time in scan coordinates will be correlated with the 

reference image to measure the (sub-pixel) residual distortion. The distortion patterns 

from many scans will be analyzed to detect systematic deviations from the pre-launch 

forward and reverse scan mirror profiles.  

 9.4 Focal Plane Calibration  

The focal plane calibration operations involve measuring the alignment of the eight 

ETM+ bands to ensure that band registration accuracy meets the 0.28 pixel requirement 

as stated in the system specification. If the band-to-band comparisons detect any 

uncompensated misalignment the band placement calibration procedure will be used to 

update the band centre location parameters in the Calibration Parameter File 

accordingly. Detector to detector alignment will also be monitored to ensure that image 

discontinuities are not introduced by using incorrect detector locations and delays in the 

Level 1G image resampling process.  

Landsat 7 ETM+ images of focal plane calibration test sites will be used to measure and 

calibrate the internal alignment of the detectors on the two ETM+ focal planes. These 

test sites are selected based on image content rather than the availability of supporting 

data. Band to band registration assessment requires scenes which contain significant 

high spatial frequency content that is common to all eight ETM+ bands. Although it is 

anticipated that scenes with long linear features would be used to assess the alignment 

 111



of individual detectors, detector placement calibration techniques are still under 

investigation and at this time are not a part of the focal plan calibration procedure. 
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