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ABSTRACT:  Fort Bliss, Texas, is a Training and Doctrine Command (TRADOC) installation located in the north-
ern Chihuahuan Desert of western Texas and south-central New Mexico.  Encompassing approximately 445,170 
hectares (1.1 million acres), it is the single largest TRADOC installation.  Because Fort Bliss is located within an 
arid ecosystem characterized by slow vegetative growth, its land is more susceptible to long-term disturbance.  Fort 
Bliss natural resource managers require a timely and cost-effective method for characterizing and monitoring land 
condition at various spatial scales and levels of detail. 

This report documents evaluation of linear spectral demixing and spectral brightness and greenness index correla-
tions with abundance of land-cover types as alternative methods for more detailed characterization and monitoring 
of land condition using coarse resolution satellite imagery.  Detailed conclusions on the acceptability of various 
strategies and techniques are presented along with recommendations for related research. 

DISCLAIMER:  The contents of this report are not to be used for advertising, publication, or promotional purposes.  
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.  
All product names and trademarks cited are the property of their respective owners.  The findings of this report are not to be 
construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN IT IS NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1 Introduction 

Background 

Fort Bliss, Texas, is a U.S. Army Training and Doctrine Command (TRADOC) 
installation located in the northern Chihuahuan Desert of western Texas and 
south-central New Mexico.  Encompassing approximately 445,170 hectares (1.1 
million acres), it is the single largest TRADOC installation (Figure 1).  Because 
Fort Bliss is located within an arid ecosystem characterized by slow vegetative 
growth, its land is more susceptible to long-term disturbance.  Typically, land 
degradation in arid environments is associated with a decrease in vegetative 
cover and abundance, and an increase in soil erosion potential.  Such degrada-
tion can result from either anthropogenic (resulting from human activity) distur-
bances or allogenic (successional change caused by nonliving environmental con-
ditions) disturbances, including impacts from training, and can occur at many 
different scales.  The Fort Bliss Directorate of Environment (DOE) is responsible 
for managing Fort Bliss training lands in a sustainable manner to support the 
current and future training mission.  Vegetation abundance, condition, and spe-
cies composition are important indicators of training land condition.  Therefore, 
Fort Bliss natural resource managers require a timely and cost-effective method 
for characterizing and monitoring land condition at various spatial scales and 
levels of detail.  Proactive land management requires detailed, large-scale char-
acterization and monitoring tools.  These tools can help resource managers moni-
tor changes in vegetative cover, which will allow them to evaluate the suscepti-
bility of the landscape to soil erosion using wind and water soil erosion models.  
Resource managers also need a method to monitor percent vegetative cover of 
specific plant species or plant communities that may be sensitive habitats or in-
dicative of disturbance.  Detailed resource characterization and monitoring also 
provides improved input into land-based carrying capacity and other ecological 
models, thereby improving the ability to evaluate land management scenarios 
and predict future land condition.  The ability to detect subtle effects of both an-
thropogenic and allogenic disturbances across training lands may allow time for 
land rehabilitation or temporary reallocation of training so the carrying capacity 
of training lands is not exceeded. 
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Figure 1.  Location of Fort Bliss, Texas. 

In response to these requirements, many Department of Defense (DoD) training 
and testing installations, including Fort Bliss, have implemented the Land Con-
dition Trend Analysis (LCTA) program, which is part of the Army’s Integrated 
Training Area Management (ITAM) plan (Tazik et al. 1992).  The LCTA program 
provides a standard method for inventory and monitoring of vegetation and wild-
life on military lands.  Under the LCTA program, permanent plots are estab-
lished and visited annually to conduct a detailed census of vegetation and wild-
life.  However, field surveys are costly; therefore, a complete survey of large 
installations is not possible and a detailed vegetation map is often lacking.  
Long-term trends in the vegetation condition can be monitored by evaluating all 
the aggregated information collected for individual LCTA field surveys, but it is 
impossible to assess vegetation condition at any one time over a large area based 
solely on field surveys.  To assess a large area, information collected at LCTA 
field survey point locations must be spatially extrapolated to those areas that are 
not sampled.  This is especially true of large installations like Fort Bliss. 

Satellite imagery provides a good supplement to field surveys because of its large 
geographic coverage and relatively high temporal frequency.  However, the spa-
tial resolution (20 to 30 m) of contemporary satellite imagery is not suitable for 
large-scale characterization and monitoring.  Variability of land cover and dis-
turbance patterns may occur at subpixel spatial scales in arid environments.  At 
this spatial resolution, each pixel represents a mixture of the spectral responses 
of all surface components located within that pixel.  At Fort Bliss, such pixels 
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represent a mixture of perennial desert shrubs; perennial and annual grasses 
and forbs, both vigorous and dormant; senesced litter; soils; and shadows.  In 
addition, vegetation is typically sparse, and the mixed spectral signature is usu-
ally dominated by the spectral signature of background soil.  It is necessary to 
determine the contribution of each land-cover component to the overall spectral 
response in a pixel to be able to use this scale of imagery to monitor vegetation 
amount and condition. 

Emerging technologies and methods generate satellite imagery and photography 
with high spatial and spectral resolution.  These images are much more likely to 
contain pixels that represent a single homogenous land-cover type.  However, 
high-resolution spectral imagery is costly in terms of collection, processing, and 
interpretation, and typically provides unmanageable data volumes for large in-
stallations such as Fort Bliss.  Therefore, complete coverage of high spatial reso-
lution imagery is not acquired regularly for installation monitoring. 

Given these limitations, training managers and natural resource managers need 
an alternative method to estimate, extrapolate, and monitor more detailed per-
cent vegetative cover from coarse resolution imagery across arid landscapes. 

Objective 

The primary objective of this investigation was to evaluate linear spectral demix-
ing and spectral brightness and greenness index correlations with abundance of 
land-cover types as alternative methods for more detailed characterization and 
monitoring of land condition using coarse resolution satellite imagery. 

Approach 

Three study areas where chosen to represent the three primary vegetation/land 
form areas of Fort Bliss.  Study Site #1 was an area of mesquite-covered coppice 
dunes in the Tularosa Basin, primarily located within Maneuver Areas #4 and 
#5.  Study Site #2 was a grassland-dominated site on Otero Mesa.  Study Site #3 
was a mixed desert shrub/grassland area in the foothill transition zone between 
the Tularosa Basin and Otero Mesa (Figure 2).  At each site, four digital 1:16,000 
Color Infrared (CIR) images were acquired as samples.  Classifications of the 
CIR photographs provided a ground reference of abundance or percent cover of 
individual land-cover types.  A Landsat Thematic Mapper (TM) image of Fort 
Bliss was also acquired with approximately the same acquisition date as the CIR 
photographs. 
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F re 2.  Study site locations. igu

sing spectral demixing, the percent cover of individual land-cover components 
(as derived from CIR photograph classifications) and TM spectral response in six 
pec-tral wavelengths were used to determine the spectral contribution of each 

land-cover component to the mixed spectral response recorded in a single TM 
pixel.  The equations used to determine the spectral contribution of each land-
cover component were then inverted so that given the known spectral contribu-
tion of individual land-cover components and the known spectral response re-
corded in an individual TM pixel, other TM pixels were OR could be demixed to 
estimate percent cover of individual land-cover components. 

U

s
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A second method of characterization and monitoring land condition was also 
evaluated.  This method involved using correlations between percent cover of in-
dividual land-cover components and spectral brightness and greenness indices.  

ividual land-cover components was derived from clas-
ery.  Spectral brightness and greenness indices were 

derived from spatially and temporally coincident Landsat TM imagery.  Correla-
tions between greenness and brightness indices and abundance were then used 

Mod

 http://www.cecer.army.mil

Again, percent cover of ind
sifications of the CIR imag

to extrapolate estimates of percent cover over a large geographic region. 

e of Technology Transfer 

This report will be made accessible through the World Wide Web (WWW) at 
URL: 
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2 

 validated statistically.  Research-
ers have applied spectral demixing analysis and spectral brightness correlations 

Spec

eight associated with each pure spectrum is 
assumed to be equal to the fractional area of the pixel occupied by the types as-

ogenous classifica-
tion for each individual pixel in an image.  Therefore, the surface area imaged by 
each pixel element can have several different land-cover classes, which is more 

Background 

The literature describes many applications of spectral demixing analysis and 
spectral brightness correlations using spectral imagery for assessing land-cover 
types and vegetation abundance.  A review of literature is provided below.  These 
approaches have been applied successfully and

to resource characterization and monitoring in arid and semiarid environments 
similar to Fort Bliss. 

tral Demixing 

Various studies have shown that spectral demixing of multiband satellite im-
agery can provide estimates of the aerial percentage of various land-cover types 
(Marsh et al. 1980; Foody and Cox 1994; Foschi 1994; Smith et al. 1990).  The 
technique of linear spectral demixing, as it relates to multispectral imagery, is 
an attempt to extract the amounts of various land-cover types within an area 
imaged by a single pixel (Adams et al. 1985; Smith et al. 1990; Marsh et al. 1980; 
Roberts et al. 1991).  The key assumption of linear spectral demixing is that the 
mixed spectra associated with each pixel of a multiband satellite image are as-
sumed to be linear combinations of weighted pure spectrums.  Each pure spec-
trum, or spectral endmember, is assumed to be unique and representative of a 
particular type of land cover.  The w

sociated with that pure spectrum.  These weights are called “percent covers.”  
Nonlinear spectral demixing is similar in principle to linear demixing, except 
that nonlinear demixing accounts for multiple interactions of reflected light with 
several groundcover or endmember components (Borel and Gerstl 1994; Roberts 
et al. 1993; Smith et al. 1990; Ray and Murray 1996).  However, nonlinear 
demixing was not tested in this research.  Demixing techniques offer a method of 
land-cover classification that differs from statistical classification schemes in two 
important ways.  First, the method is deterministic.  It attempts to physically 
model the reflection of light from various land covers that make up the terrain.  
Second, unlike statistical classifiers, it does not assume a hom
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realistic classification output since almost all pixels in a scene will contain a 
mixture of land-cover types (Foschi 1994).  Therefore, the resulting output from 

orized into one of two methods.  The first method 
assumes that the percent cover of each of the land-cover types of interest within 

 spectrum of each land-cover type can then be 
determined by inverting the model (Huete 1986; Puyou-Lascassies et al. 1994; 

 

Spectral demixing has been evaluated as a technique for estimating vegetative 

demixing analysis provides an individual abundance image for each endmember 
or land-cover type used to develop the demixing model.  This abundance image 
depicts the spatial distribution and abundance of that respective land-cover type 
(Bateson and Curtiss 1996).  This demixing method can greatly improve the ac-
curacy of vegetative cover and abundance estimates, especially in arid and semi-
arid environments with incomplete or sparse canopy covers.  In such environ-
ments, the ratio of vegetation to bare ground can change rapidly over distances 
that are smaller than the spatial resolution of coarse resolution satellite imagery 
(Smith et al. 1990; Huete 1986; Tueller 1987). 

Spectral demixing; can be categ

several pixels is known.  The pure

Adams et al. 1995; Marsh et al. 1980).  The model is developed by correlating 
known percent cover values of land-cover types with the spectral values for a 
sample of pixels from the coarse resolution imagery using regression techniques. 
The known percent cover estimates used to parameterize the model are typically 
derived from field measurements or corresponding high spatial resolution im-
agery or photography.  This is the method applied in this research.  A more de-
tailed description of the method used is summarized in Chapter 4, Methodology 
(page 18).  Conversely, the algorithm can also be applied in reverse.  If the pure 
spectrum of land-cover types or spectral endmembers is known, then the percent 
cover of each type within a single mixed pixel can be determined (Ray and 
Murray 1996; Farrand et al. 1994; Asrar et al. 1986: Smith et al. 1990; Smith et 
al. 1994).  In either case, this image processing technique is referred to as spec-
tral demixing or spectral unmixing. 

cover and abundance in arid environments using multispectral imagery with 
mixed results.  Typically, spectral demixing is capable of providing estimates of 
green leaf vegetative matter, gray matter and litter, and bare ground with some 
degree of success (Sohn and McCoy 1997; Smith et al. 1990; Marsh et al. 1980) 
However, there are still recognized problems with demixing analysis in arid en-
vironments, including difficulties in identifying spectrally unique endmembers 
and accounting for shadowing effects within sparse canopy desert shrubs (Ray 
and Murray 1996; Pech et al. 1986; Ustin et al. 1986).  Appendix A contains a 
graphic depiction of the linear spectral demixing process flow. 
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Spec

Vegetation or Greenness Indices 

alyzed.  Within each 
portion of the spectrum, different properties of vegetation control the amount of 

ations based on the near infrared and 
red portions of the electromagnetic spectrum.  Most vegetation indices can be 

tral Brightness and Vegetation Indices 

Correlations between spectral index values derived from multispectral imagery 
and ground observations of vegetative cover have also been used to spatially ex-
trapolate estimates of vegetative cover and abundance.  Spectral indices have 
been developed to reduce multispectral scanner data observed by satellites to a 
single number or index that attempts to quantify the amount of vegetative cover 
or bare ground in an individual pixel.  Direct empirical relationships between 
these indices and ground measurements of vegetative cover are then used to spa-
tially extrapolate cover estimates.  This method differs from spectral demixing, 
where cover is estimated by determining the unique spectral contribution of each 
land-cover type or spectral endmember existing within a single pixel.  A review 
of literature is provided below. 

Common commercial satellite sensors record reflectance from the Earth’s surface 
in several regions of the electromagnetic spectrum.  Depending on the intended 
application, different wavelengths are better suited for analyzing different as-
pects of the Earth-atmosphere system.  For assessing vegetation, the red and 
near infrared regions of the spectrum are most commonly an

electromagnetic energy that is absorbed, transmitted, or reflected.  In general, 
healthy vegetation has been characterized by low reflectance in the visible wave-
lengths (400 to 700 µm) and high reflectance in the near infrared wavelengths 
(Kauth et al. 1978; Tucker 1979; Curran 1980).  Therefore, high reflectance in 
the near infrared wavelengths is directly proportional to plant biomass.  In gen-
eral, an inverse relationship exists between reflectance in the visible region, par-
ticularly in the red wavelengths, and biomass production of a plant (Jensen 
1986). 

Several vegetation indices have been developed to reduce multispectral scanner 
data observed by satellites to a single number or index, to be used to qualita-
tively and quantitatively assess vegetation conditions (Tucker 1979; Price 1987).  
Almost all vegetation indices are transform

characterized as either ratio or orthogonal.  Ratio indices exploit the contrasting 
low red reflectance and high near infrared reflectance of vegetation by simple 
ratios of these two bands.  Orthogonal indices are based on the Tasseled Cap 
transformation, which is a characteristic plot of red reflectance (x-axis) vs. near 
infrared reflectance (y-axis) that is useful for extracting the relative greenness of 
vegetation and soil brightness (Kauth et al. 1978).  Within the Tasseled Cap dis-

 



ERDC/CERL TR-03-26 9 

tribution, Kauth determined that the distribution of the soil reflectance variation 
was confined to a “line of soils” extending from the plot origin at approximately 
45 degrees from the x-axis (red) with soil brightness increasing with distance 
from the origin.  Reflectance variation of vegetation is then measured perpen-
dicularly from this line of soils in the direction of the y-axis (near infrared).  This 
distribution was aptly named because if viewed in three dimensions, it resembles 
a cap with a tassel extending from the top.  Although the original Tasseled Cap 
transformation was based on Landsat Multispectral Scanner (MSS) data, the 
same transformations have been applied to Landsat TM data (Crist and Cicone 
1984).  Variations of the Tasseled Cap have been customized for arid environ-
ments (Graetz and Gentle 1982; Pickup et al. 1993).  Regardless of the sensor, 
greenness and soil brightness indices derived from this characteristic plot are 
commonly referred to as Kauth-Thomas or Tasseled Cap Soil Brightness and 
Greenness Indices. 

Other derivations of ratio and orthogonal vegetation indices are beyond the scope 
of this report.  However, all indices are similar in that they provide dimen-
sionless values that represent relative ranges of vegetation amount or condition.  
In general, vegetation indices have been correlated with a number of vegetative 
characteristics such as biomass (Tucker 1979), percent cover (Senseman et al. 
1996), and leaf area index (Richardson and Wiegand 1977). 

The Normalized Difference Vegetation Index (NDVI) is probably the most com-

 in the Chihuahuan Desert (Duncan et al. 1993; Franklin et al. 
1993; Peters et al. 1997; Yool et al. 1997). 

monly applied vegetation index for assessing vegetative amount and condition 
(Rouse et al. 1974).  In the first comprehensive study of correlation between 
NDVI and vegetative parameters, high coefficients of determination for a simple 
linear regression were found between NDVI and total wet biomass, total dry 
biomass, leaf water content, dry green biomass, and total chlorophyll for clipped 
blue grama prairie grass plots (Tucker 1979).  Several vegetation indices have 
also been correlated with measurements of shrub and grass cover in various 
rangelands, including southern Australia (Graetz and Gentle 1982; Pickup et al. 
1993), north-eastern Colorado (Anderson et al. 1993), central Washington (Sen-
seman et al. 1996), north-central Texas (McDaniel and Haas 1982; Boyd 1986), 
and specifically

However, one limitation of using the NDVI in arid environments is that the spec-
tral response of the exposed soils often dominates the spectral response of any 
extant vegetation.  This domination is due to the sparse vegetation cover and the 
high near infrared reflectance of arid soils.  Therefore, several indices have been 
developed that attempt to correct for this factor, including the Weighted Differ-
ence Vegetation Index (WDVI; Richardson and Wiegand 1977), the Soil Adjusted 
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Vegetation Index (SAVI; Huete 1988), and the Modified Soil Adjusted Vegetation 
Index (MSAVI; Qi et al. 1994).  These indices are designed to maximize the in-
fluence of vegetation and minimize the effect of background soil.  The SAVI in-
dex requires a user-defined soil correction factor “L” as input into the indices.  
The constant “L” represents an estimate of percent vegetative cover, and there-
fore is often unknown.  Typically, different “L” factors are tested and a final 
value is selected based on agreement with ground estimates, or an “L” factor is 
assigned based on user knowledge of the study site.  In general, the “L” factor is 
difficult to objectively quantify.  An MSAVI has since been developed that calcu-

MSAVI 
has been promoted as the best predictor of shrub cover measurements among the 

r greenness indices attempt to measure the reflectance of 
vegetation directly while minimizing the effects of bare soil, brightness indices 

easure the total brightness or reflectance of the Earth’s surface, and therefore 
are more sensitive to soil background reflectance.  Vegetation tends to mask the 
reflectance of soils, particularly in sparsely vegetated arid environments with 
highly reflective background soils.  Therefore, an inverse relationship between 
brightness indices and vegetative cover has been used to estimate vegetative 
cover (Robinove et al. 1981; Sanden et al. 1996; Satterwhite 1984; Frank 1985; 
Musick 1986). 

Albedo is defined as the ratio of all shortwave radiation reflected by the Earth’s 
surface to solar irradiance incident on the surface.  Albedo has been correlated 
with measurements of vegetative cover in several arid and semiarid environ-
ments (Price et al. 1992; Robinove et al. 1981; Frank 1984).  Planetary albedo, or 
planetary reflectance, is a measure of reflectance of the entire Earth-atmosphere 
system, and is calculated directly from observations (data) recorded at the satel-
lite.  Surface reflectance, or surface albedo, is a measure of reflectance of the 

lates a self-adjustable “L” factor directly from spectral information.  MSAVI also 
increases the sensitivity to vegetation and minimizes soil influences (Qi et al. 
1994).  The MSAVI accounts for possible variations of soil reflectance through an 
inductive method based on opposite trends of NDVI and WDVI, thus eliminating 
subjective assignment of the soil correction “L” factor.  In the original field test in 
cotton fields, density of cotton canopy was predicted more accurately by MSAVI 
than other derivations of SAVI using remotely sensed imagery.  Not only does 
MSAVI eliminate the requirement to estimate “L,” but for arid lands, 

indices that attempt to mitigate the influence of soil reflectance (Rondeux et al. 
1996; Senseman et al. 1996). 

Brightness Indices 

Albedo (or reflectance) and soil brightness indices have also been calculated and 
can be used to estimate percent vegetative cover from satellite imagery.  
Whereas vegetation o

m
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Earth’s surface.  To calculate surface albedo using remotely sensed observations, 
radiometric and atmospheric corrections must be applied to correct for atmos-
phere, topography, and solar geometry variations.  Many times, reflectance is 

near infrared wavelengths available.  
al band, or in-band albedo, often corre-

lates well with vegetative cover in arid environments.  In all cases, vegetative 
cover is measured indirectly by the relative decrease in brightness of the back-

oils due to vegetative cover or shadowing. 

ution of all 
other land-cover components, including the dominant background soil.  The op-

calculated across all of the visible and 
Other times, reflectance of a single spectr

ground s

Other soil brightness indices have also been developed to assess soil brightness, 
and indirectly, vegetation cover.  One common index is the Kauth-Thomas Soil 
Brightness Index (SBI; Kauth et al. 1978).  The SBI is also calculated based on 
the Tasseled Cap transformation described earlier.  Similar to the Greenness In-
dex, the SBI is derived from the characteristic plot of red vs. near infrared reflec-
tance in spectral space.  Soil brightness indices have been correlated with arid 
shrub cover in several studies at the Jornada Long-Term Ecological Research 
(LTER) site, which is near Fort Bliss (Duncan et al. 1993; Musick 1984). 

Like spectral demixing, spectral brightness and greenness indices have been 
used to estimate vegetative cover with mixed results.  There are unique chal-
lenges associated with applying these methods to arid environments.  In the case 
of vegetation or greenness indices, the challenge is to isolate the contribution of 
vegetation cover to the spectral response while reducing the contrib

posite is true for brightness indices, where the influence of vegetation cover is 
measured indirectly. 
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3 t

Stud

Fort Bliss is in western Texas and south-central New Mexico on the northern 
edge of the Chihuahuan Desert (Figure 1).  The installation is approximately 

(1.1 million acres) and is located within Otero and Dona Ana Coun-
ties in New Mexico and El Paso and Hudspeth Counties in Texas.  White Sands 

ges: the southern Sacramento Mountains to the northeast, the 
Hueco Mountains to the southeast, the Organ Mountains to the west, and the 

o-
vember through March and ranges from 8 to 26 cm annually.  The mean annual 

mperature ranges between 14 and 17 ºC.  Relative humidity is low, and severe 
rolonged dry conditions.  Soils within the study 

area range fr and any exposed rocks on the steep slopes of the 
fo more well-drain n the Otero Mesa (USDA 1980; U.S. Army 
1978)

Vegetation at Fort Bliss is diverse, ranging from Chihuahuan Desert grassland 
and shrublands to Rocky Mountain conifer forest in the highest elevations.  The 
basin floors are characterized by shrublands dominated by honey mesquite (Pro-
sopis landul ote bu Larrea tridentata), sandsage (Artemisia filifo-

with isolated patches of grasslands dominated 
by dropseed (Sporobolus spp.), and tobosa grass (Hilaria mutica).  The alluvial 

ns and piedmonts are dominated by a mixture of shrubs and grasslands, in-
cluding honey mesquite, creosote bush, tarbush (Florencia cernua) and acacia 

Study Area and Da a 

y Area 

445,170 ha 

Missile Range is located along the western boundary, and the Lincoln National 
Forest and Bureau of Land Management (BLM) lands are located along the 
northeastern and western boundaries.  The installation is surrounded by four 
mountain ran

Franklin Mountains to the southwest.  Otero Mesa is a gently tilted plateau 
along the eastern boundary of the installation.  Two basins, the Tularosa and 
Hueco, are located in the central region of the installation.  Elevations range 
from 1350 m in the Tularosa Basin floor to over 3100 m at the top of the Organ 
Mountains (Budd et al. 1979; Mehlop et al. 1996; Boykin et al. 1997). 

Average annual precipitation is between 21 and 28 cm in the Tularosa Valley to 
31 to 46 cm on the Otero Mesa.  The mean annual precipitation is 22.5 cm.  Most 
of the annual rainfall occurs between July and October.  Snow may fall from N

te
dust storms are frequent under p

om loamy s  with m
ed soils oothills to 

. 

 g osa), creos sh (
lia), saltbush (Atriplex canescens), 

fa
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(Acacia spp.), along with grama grasses (Bouteloua spp.), and bush muhly 
(Muhlenbergia porteri).  Otero Mesa is dominated by grama grasses, burrograss 
(Scleropogon brevifolius), vine mesquite (Panicum obtusum), and yucca (Yucca 
spp.).  Higher mountain elevations support wavy leaf oak (Quercus undulata), 
mountain mahogany (Cercocarpus montanum), sotol (Dasylirion wheeleri), su-
mac (Rhus spp.), juniper (Juniperus spp.), pinyon pine (Pinus edulis), ponderosa 
pine (Pinus ponderosa), and Douglas-fir (Pseudotsuga menziesii) (Mehlop et al. 
1996; Boykin et al. 1997).  All study sites in this research were located within the 
basins, alluvial fans, and piedmonts, and on Otero Mesa. 

 

A Landsat TM sa

Data

tellite image and Kodak color infrared aerial photographs were 
acquired to evaluate spectral demixing and spectral index correlations as alter-
native methods for estimating and extrapolating abundance of vegetative cover 

Channel # (µm) IFOV (m) 

at Fort Bliss. 

A single Landsat-5 TM image of Fort Bliss was acquired on 9 November 1994 
(Scene ID: 94313).  This acquisition date was the nearest available date to the 
acquisition date of existing Kodak CIR photography.  TM is a space-borne scan-
ning sensor that records reflected and emitted energy in the blue, green, red, 
near infrared, middle infrared, and thermal regions of the electromagnetic spec-
trum.  Landsat-5, the satellite that carries the TM sensor, is in a sun-
synchronous orbit approximately 705 km above the Earth’s surface.  TM has a 
temporal revisit time of 16 days and a spatial resolution of approximately 30 m.  
The spectral characteristics of the Landsat-5 TM are summarized in Table 1. 

 
Table 1.  Landsat-5 TM specifications. 

Band Width Ground 

1 0.45 - 0.52 30 
2 0.53 - 0.60 30 
3 0.63 - 0.69 30 
4 0.76 - 0.90 30 
5 1.55 - 1.75 30 
6 10.42 - 12.50 120 
7 2.08 - 2.35 30 

Adapted from Table 2-4 of Jensen (1986). 
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Kodak CIR aerial photography was acquired for this project from the Fort Bliss 
DOE.  The DOE contracted the National Aeronautics and Space Administration 
(NASA, John C. Stennis Space Center) to acquire Airborne Terrestrial Applica-
tions Sensor (ATLAS) data for Fort Bliss.  The ATLAS scanner is a 15-channel 
multispectral scanning system with direct digital recording capabilities.  ATLAS 
was developed by the Advanced Sensor Development Laboratory Sverdrup Tech-
nology Inc. at the Stennis Space Center.  An ATLAS scanner records pixel infor-
mation with a nominal resolution of 5 meters.  The CIR photography was col-
lected at the same time as the ATLAS data.  The ATLAS mission was flown at 
an elevation at 8200 ft (2732 m) above mean terrain level.  With a 6-inch (3.46-
cm) focal length on the scanner lens, the resulting Kodak CIR photographs had a 
nominal scale of 1:16000 (1 inch = 1333 feet; 2.54 cm = 443 m).  The overflights 
were acquired over an 8-day period beginning October 29, 1994 and ending No-
vember 5, 1994. 

Study Site Selection 

Three general study areas were chosen to represent the three primary vegeta-
tion/landform areas of Fort Bliss (Figure 2).  Study Site #1 represents the Honey 

esquite/Coppice Dunes area of the Tularosa Valley, primarily located within 
Maneuver Areas #4 and #5.  Study Site #2 represents a grassland-dominated site 
n Otero Mesa.  Study Site #3 represents a mixed desert shrub/grassland area in 

ero Mesa.  Not 
only were these sites chosen to represent the primary vegetation and landform 
areas of the installation, but they also correspond to locations of other related 
field studies ongoing at Fort Bliss.  Study Site #2 was located near the Wheeled 
Vehicle Carrying Capacity Controlled Impact Sites on Otero Mesa.  Study Site 
#3 was located near the Controlled Burn Study Sites directly south of Highway 
506.  Therefore, maps of estimated total vegetative cover resulting from this re-
search can be incorporated into those research efforts. 

NASA provided the Kodak CIR photographs to Fort Bliss DOE on color-positive 
transparencies on drum type reels.  No photograph index was supplied.  CIR 
transparencies were visually inspected and several CIR photographs were identi-
fied for each general study site.  Four digital 1:16,000 CIR images were ulti-
mately selected as samples for each of the three general study areas (Figures 3 
through 5).  These photographs were selected based on their suitability for test-
ing spectral demixing and spectral index correlations.  Photographs that con-
tained some diversity in land cover and vegetation types and had minimal urban 
features were optimal. 
 

M

o
the foothill transition zone between the Tularosa Valley and Ot
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Figure 3.  CIR photographs analyzed for Study Site #1, overlaid on TM image. 
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Figure 4.  CIR photographs analyzed for Study Site #2, overlaid on TM image. 
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Figure 5.  CIR photographs analyzed for Study Site #3, overlaid on TM inage. 
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4 

Imag

-covered coppice dunes in Ma-
neuver Areas #4 and #5.  The same digital image was scanned at 12.5 µ, 25 µ, 

 

Therefore: 

Methodology 

e Scanning 

Digital copies of the CIR photographs were required to conduct demixing and 
spectral index correlation analysis.  Spectral demixing also required accurate 
radiometric scanning.  Therefore, project researchers contracted scanning ser-
vices to Image Scans, Inc. of Denver, Colorado.  Image Scans used a professional 
quality Leica/Helava DSW200 scanner with a maximum scan rate of 5 microns 
(µ).  During discussions to determine the appropriate scanning resolution, Image 
Scans offered to scan one photograph at several different resolutions, at no cost, 
for testing.  One photograph was arbitrarily selected for test scanning from 
Study Site #1, which contains primarily mesquite

and 50 µ and provided as an Leica Geosystems ERDAS Imagine* .lan
†
 files. 

These scan rates corresponded to effective ground pixel sizes of 0.2 m, 0.4 m, and 
0.8 m, respectively.  Effective ground pixel sizes were calculated as follows.  The 
nominal average scale of the CIR photography was 1:16,000.  The photographs 
were 23 cm x 23 cm.  Using the scale, 1 µ on the photograph equaled 16,000 µ on 
the ground. 

1 µ = 10-6 m  
or 
1 m = 106 µ  
16,000 µ  Χ  (1m / 10-6 µ) = 16 x 10-3 m = 0.016 m. 

1 µ on the photo = 0.016 m on the ground, 
12.5 µ on the photo = 0.2 m on the ground, 
25 µ on the photo = 0.4 m on the ground, 
50 µ on the photo = 0.8 m on the ground. 

                                                 
* ERDAS  Imagine is a product of Leica Geosystems GIS & Mapping, LLC,  2801 Buford Highway, N.E., Atlanta, GA 

30329-2137, telephone: 404-248-9000. 
†
 A .lan file is a multiband continuous image file; the name is derived from the Landsat satellite. 
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Preliminary classifications were applied to the 12.5-µ (0.2-m), 25-µ (0.4-m) and 
50-µ (0.8-m) images to determine if the scanning rates and resulting spatial reso-
lution affected the image classification results.  Before any preliminary compari-

ommon to each resolution image. 

 visual observations and consultation with Fort Bliss DOE staff, a deci-
sion was made to request five land-cover categories for analysis.  Increasing the 

tegory did not seem to occur 
at any particular spatial orientation to the dune, and in some isolated cases, it 
occurred in interdunal areas not associated with any dune formation.  Therefore, 

son of the multiresolution photographs could be conducted, it was necessary to 
coregister the imagery.  The 50-µ and 25-µ images were registered to the 12.5-µ 
image using a first-order linear transformation by selecting four control points at 
the image tic marks (retaining the original pixel size).  It was also necessary to 
subset an area c

Three classification methods were used to test the variable scanning rates:  
(1) Iterative Self Organizing Data Analysis Technique (ISODATA) in ERDAS 
Imagine, (2) maximum-likelihood discriminant analysis classifier (MAXLIK) in 
ERDAS Imagine, and (3) sequential maximum a posteriori (SMAP) estimation in 
the Geographical Resources Analysis Support System (GRASS).  The primary 
test was to determine if classification results varied significantly when derived 
from either different spatial resolution imagery or from different classification 
algorithms.  Variations on the number of spectral classes requested and the use 
of ancillary data such as texture were also tested. 

Initial classifications were conducted requesting a range of three to seven cate-
gories for the test photograph.  Visual comparisons between the original CIR 
photograph and several classifications with a varying number of categories were 
used to determine the appropriate number of categories to request for analysis.  
Through

number of requested categories to six or seven seemed to introduce the added 
complexity of land-cover categories that were not apparent in the original CIR 
photographs and were not identifiable in the field.  Decreasing the number of 
requested categories to three or four tended to eliminate land-cover categories 
that were of potential interest for characterization and monitoring. 

Classification of the image into five spectral classes appeared to clearly separate 
individual honey mesquite plants and bare unvegetated sandy soils.  Two addi-
tional categories occurred primarily in the interdunal areas, and appeared to 
correspond to interdunal grasses, small shrubs, or variations in soil material.  A 
fifth spectral category appeared to correspond to the edges of mesquite-covered 
dunes and was generally one to three pixels wide (1 to 3 m).  This spectral cate-
gory was originally thought to be due to an edge effect around the coppice dunes 
that could be a combination of shadows, litter, and solar geometry due to the 
sloping effect of the dunes.  However, this spectral ca
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it was assumed to be a combination of litter; grasses; decreased mesquite foliar, 
stem, and branch densities; and some shadowing, but not purely shadow. 

Statistical comparison between ISODATA, MAXLIK, and SMAP results showed 

 Texture can 
be defined as the frequency of tonal change in an image.  The Texture image en-

magine Image Interpreter Module’s Spatial 
Enhancement suite was applied to images at all three spatial resolutions.  This 

5 MB; two images could be 
placed on a single 650 MB CD.  However, after initial processing of several im-

ges, the images were resampled to 1-m spatial resolution before analysis.  To 
test the effect of resampling on classifications, additional classifications were 
performed using ISODATA by requesting five classes for the 0.4-meter pixel im-
ages and for the same photographs resampled to 1 meter.  The resulting classifi-
cations were compared using differencing.  The results indicated that resampling 
did not significantly affect the classification results. 

no significant difference in classifications for the same spatial resolutions and for 
different spatial resolutions.  Therefore, ISODATA, the default unsupervised 
classification tool in ERDAS Imagine, was used for all classifications in this re-
search project. 

An ERDAS Imagine spatial enhancement tool that uses texture was explored in 
an attempt to determine the optimal scanning resolution, and also to assist in 
assigning information classes to the five spectral classes identified. 

hancement tool within the ERDAS I

tool uses either Variance (2nd order) or Skewness (3rd order) filters, and was 
applied using roving window sizes of 3 x 3, 5 x 5, and 7 x 7 pixels.  Every filter 
and window size option was tested, with each test producing three texture out-
put bands that corresponded to the original three spectral bands.  The three tex-
ture output bands were “layer stacked” with the three base image bands and 
classifications were generated for five classes.  A comparison between the origi-
nal five-class ISODATA classification and the five-class ISODATA classification 
augmented with image texture revealed no significant difference between the 
images. 

Evaluation of all test results for the three different scan rates, revealed that 
there was no significant difference in classification of land-cover types at the dif-
ferent spatial resolutions.  Therefore, the remaining photographs were scanned 
at 25 microns, or 0.4-m spatial resolution, and were supplied in an ERDAS Imag-
ine .lan file format.  This scan rate appeared to be a good compromise that re-
tained significant detail from the original photographs while addressing the 
practical concerns of electronic file size and disk storage space.  At this resolu-
tion, a single digital three-band CIR image was 25

a
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Image Preprocessing 

CIR Photography Exposure Falloff 

After the individual .lan files were imported into ERDAS Imagine, further image 
processing was required to correct a geometric effect called exposure falloff, 
which was evident in all of the photographs.  This effect appears as maximum 
exposure at the center of the film with gradual dimming at increased radial dis-
tance from the center (Lillesand and Keifer 1987).  The effect was corrected with 
a detrend function using TNTmips* software.  Figure 6 illustrates the process.  
The image on the left is an example of exposure falloff.  The image on the right 
illustrates the removal of exposure falloff using TNTmips software. 

Thematic Mapper Systematic Noise 

Variations in the response of individual detectors used for each spectral wave-
length recorded by the TM sensor sometimes causes systematic striping or band-
ing to occur.  It is desirable to correct these anomalies and restore the image as 

 
was evident in the TM image acquired for this research.  A common technique 
used to correct striping problems in satellite imagery is Fourier Transform.  This 

om a spatial domain to a frequency domain.  In 
ERDAS Imagine, the Fast Fourier Transform (FFT) tool was used to convert the 

 

n by using an inverse FFT.  The result is an enhanced version of 
the original image with periodic noise or striping reduced or removed (ERDAS 

 

much as possible to resemble the original scene.  This type of systematic noise

process converts a raster image fr

TM image into a series of two-dimensional sine waves of various frequencies.  An 
image was created through this process and viewed in a graphical editor. 
Through trial and error, the Fourier image was edited to remove periodic strip-
ing.  After the Fourier image was edited, it was then transformed back into the 
spatial domai

Field Guide 1997).  Figure 7 illustrates systematic noise removal.  The image on 
the left is an example of periodic striping that occurred in the November 1994 
Landsat TM image.  The image on the right illustrates the removal of systematic 
banding in the TM image using Fourier Transform. 

                                                 
* TNTmips is a product of MicroImages, 11th Floor - S

telephone; 402-477-9554.  
harp Tower, 206 South 13th Street, Lincoln NE 68508-2010 , 
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Figure 6.  Example of exposure falloff corrections:  (A) original image, (B) corrected image. 

 

 
Figure 7.  Example of TM systematic noise corrections:  (A) original image, (B) corrected image. 

sification of CIR Photographs 

Critical to both the spectral demixing and correlation analysis

Clas

 was the accurate 
classification of the CIR photographs.  All reference or “ground truth” informa-
tion on percent coverage of each land-cover component was extracted from these 
classifications.  All CIR photographs were classified before coregistration to the 
TM imagery. 
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The CIR photographs and TM imagery used in this study were archival; there-
fore, there was no opportunity to collect the temporally coincident field data nec-
essary to perform a supervised classification.  As a result, the default unsuper-
vised classification routine (ISODATA) in ERDAS Imagine was used to classify 
the CIR photographs, specifying 10 iterations and 0.95 convergence. 

Determining the number of classes to request for the unsupervised classification 
was also critical.  The number of classes requested was equivalent to identifying 

e number of unique land-cover types (e.g., plant species, litter, bare ground) to 
ing and 

Initial classifications were conducted requesting a range of three to seven cate-
gories per photograph.  Visual comparisons between the original CIR photo-
graphs and varying number es were used 
to determine the appropriate number of categories to request for analysis.  
Through vi c sultation with Fort Bliss DOE staff, 
a decision was made to request five land-c e ories for all classification of 
CIR photog phs.  Increasing the number of r six or seven 
seemed to i added complexity  ypes that were not ap-
parent in the original CIR photographs.  Decreasing the number of requested 
categories to three or four tended to eliminate land-cover types that were of po-
tential interest for characterization and monitoring.  As an example, Figure 8 

g five-category unsuper-
ised classification. 

 this example, category 1 (green) is clearly mesquite and category 5 (white) is 
clearly bare ground.  Category 2 (yellow) appears to be an edge effect around 
mesquite-covered dunes that could be a combination of shadows, litter, and solar 
ge
pe mbination of different interdunal vegetation types, litter, and ex-
posed surface materials of different source material. 

Similar classifications were conducted for all 12 photographs.  Although analysis 

that land-cover categories were not necessarily delineating individual land-cover 

th
be characterized in terms of abundance or percent cover using demix
spectral index correlation analysis. 

several classifications with a  of categori

sual field observations and in on
ov r categ

ra equested categories to 
ntroduce the  of landscape t

shows a subset of CIR photo 381_158 and the resultin
v

In

ometry due to sloping effect of the dunes.  Categories 3 (red) and 4 (blue) ap-
ar to be a co

was conducted approximately 2 to 3 years after the acquisition date of the CIR 
imagery (October 1994), several photograph locations were visited in the field 
with Fort Bliss DOE personnel to evaluate the classifications.  Classification for 
all photographs at Study Site #1 (Coppice Dunes Maneuver Areas) resulted in a 
breakout of land-cover types similar to the example above for photo 381_158.  
However, observations at photograph locations for Study Site #2 (Otero Mesa 
Grasslands) and Study Site #3 (Controlled Burn/Otero Mesa Foothills) revealed 
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types, but rather represented a gradient of decreasing aerial cover, crown den-
sity, and canopy closure moving from land-cover categories 1 through 5.  For ex-
ample, category 1 typically delineated desert shrubs with dense canopies and the 
highest amount of total vegetative cover.  Categories 2 thru 4 delineated a grad-
ual decrease in canopy cover or shift from a shrub to a grass or forb with less 

y 5 consistently delineated bare ground. 

information classes to the spectral classes 
resulting from unsupervised classification of the photographs, the five-class un-

etail to identify indi-
vidual shrubs. 

canopy cover.  Categor

Due to the ambiguities in assigning 

supervised results were recoded or aggregated in a number of different ways in 
an attempt to simply distinguish between cover (independent of vegetation type, 
and including standing dead biomass and litter) and bare ground.  For each re-
code possibility, the end product was a two-category map where category 1 = 
Cover and category 2 = Bare Ground.  Table 2 contains a summary of the differ-
ent recodes.  A simple two-class unsupervised classification using ISODATA was 
also conducted for each photograph in an attempt to distinguish between cover 
and bare ground.  Figure 8 also shows examples of each of these recoded maps 
for a subset of photo 381_158.  The subset shows enough d

 
Table 2.  Summary of recodes of original five-class unsupervised classification of CIR 
photographs into two classes (Cover and Bare Ground). 

Recode ID Class Recode Combinations  Recode Classes 
1_25 class 1  

  
class 2, class 3, class 4, and class 5 

= 
 
= 

Cover 
 
Bare Ground 

12_35 class 1, class 2 
 
class 3, class 4, and class 5 

= 
 
= 

Cover 
 
Bare Ground 

13_45 class 1, class 2, class 3 
 
class 4, class 5 

= 
 
= 

Cover 
 
Bare Ground 

14_5 class 1, class 2, class 3, and class 4 
 
class 5 

= 
 
= 

Cover 
 
Bare Ground 
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Figure 8.  Original CIR photograph, examples of five-, three-, and two-class unsupervised 
classifications, and four recodes of the five-class image for a subset of photo 381_158 in 
Study Site #1. 
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The difficulty in identifying individual land-cover types in some photographs was 
indicative of the difficulties associated with spectral inseparability or spectral 
crossover of many desert vegetation types and bare ground.  Spectral insepara-
bility also indicated that it would be difficult to use spectral demixing and corre-

al five-class classification or from 
a two-class unsupervised classification, were ultimately used in a majority of the 

nd correlation analysis. 

Geome

pectral demixing requires accurate spectral information for each pixel in the 
pling the Landsat TM image and effectively 

istered to the 
M  Th  compared to 

 georeferenc-
 for the place-
g the ERDAS 
eral ERDAS 

entified and evenly distributed 
 using well-defined manmade 
on Matrix was calculated and 
inimize the Root Mean Square 

Error (RMSE) while retaining apparent visual correctness.  In many cases, how-
 

e raster data (in this case, Band 2 of the 
aerial CIR photograph [Red] and Band 3 of the TM image [Red]), in conjunction 
with a transformation matrix to automatically digitize corresponding GCPs.  
Correlation threshold parameters were set and points having a correlation coef-
ficient value within the threshold were retained; other points were discarded.  
Also, a maximum search radius, usually a distance of three pixels (the mini-
mum), and a search window size parameter were defined.  Using this GCP 

lation analysis to quantify cover by individual land-cover type.  Demixing and 
correlation results later confirmed this problem and are discussed in Chapter 5, 
Results, page 42.  Consequently, binary maps of cover versus bare ground, as de-
rived from either the above recodes of an origin

demixing a

tric Registration 

Selection of Ground Control Points 

S
image.  Therefore, to avoid resam
ha e TMc nging th  pixel values, the photographs were instead coreg

T  image. e high spatial resolution (1 m) of the photographs
relatively coarse spatial resolution of the TM image (30 m) made the
ing process difficult.  To facilitate identification of common features
ment of control points, the photographs were degraded to 30 m usin
Imagine Degrade function and were saved in separate files.  Sev
Imagine tools were used during the coregistration process. 

Initially, four or five ground control points were id
across both the aerial photograph and TM image
features visible in both images.  A Transformati
the points were adjusted at the subpixel level to m

ever, it was difficult to locate well-defined features to select as control points. 
ERDAS Imagine’s Ground Control Point (GCP) Matching Function, which is con-
tained within the Geometric Correction tool, was designed for such cases where 
control points are difficult to select.  The GCP Matching Function uses the spec-
tral characteristics of a single band of th
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matching utility, additional GCP points were identified throughout the image, 
preferably on manmade features common to both images.  Points that did not 
meet the defined minimum correlation coefficient value were removed automati-
cally.  The analyst also removed any points that did not appear as suitable 
GCPs.  This method proved very effective, yielding apparent accuracy within ½ 
pixel (15 m).  A transformation matrix file (.cff) was saved and later used to 
transform unsupervised classifications of the CIR photographs rather than the 
original CIR photographs. 

Registration of CIR Photograph Classifications to TM Imagery 

To limit undesirable pixel resampling during the transformation process, an Af-
fine Transformation (Transformation Order = 1) was used to coregister the clas-
sified and recoded CIR photographs to the TM image.  For some photographs, 
this still resulted in a misalignment of pixels that was identified through visual 
examination.  Therefore, a second order transformation was used.  The second 
order transformation was necessary because of terrain effects and aircraft yaw, 
pitch, and roll, which affected some images more than others.  Ideally, the aerial 
photographs would have been photogrammetrically corrected using camera data 
defining the elevation, lens focal length, nadir position, tilt, swing, and azimuth.  
The transformation used the transformation matrix file (.cff) that was created as 

Accuracy Assessment of Geometric Registration 

ults were checked visually with ERDAS Imagine’s Blend/Fade 
utility, which is a very effective visualization tool whereby the images are over-

Subset TM Scene and Air Photo to Common Area 

Common areas between the TM image and the georeferenced aerial photograph 

described earlier. 

Rectification res

laid one on top of another in a single viewer.  The analyst is able to fade the 
newly rectified image interactively into the underlying source image to check 
overlap by toggling between the two images at any desired toggle rate.  The rec-
tification process involved considerable trial and error.  Usually rectification was 
done several times before achieving a satisfactory correction.  Accurate geometric 
registration between the high-resolution CIR photography and coarse-resolution 
satellite imagery was critical to both spectral demixing and spectral index corre-
lation analysis. 

classification were defined.  Because the CIR photographs were aligned along the 
flight path of the aircraft and not in a truth north-south orientation, the maxi-
mum square area of TM imagery that fell within the footprint of the CIR photo-
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graph had to be identified.  This was accomplished using ERDAS Imagine by 
displaying the TM and the aerial photograph images in separate viewers, side by 
side, linking the viewers together, then running an “inquire box” in the TM 
viewer and roughly defining the common area with the box, taking care not to 
expand the box beyond the photograph image area (Figure 9).  File coordinates 
returned from the inquire box tool were rounded by increasing smaller numbers 
and decreasing larger numbers (to integers) to ensure that the TM subset was 
clearly within the footprint of the CIR photograph.  These file coordinates were 
used to subset the six-band TM image. 

Secondly, the CIR photograph was subsetted by using “imageinfo” on the subset-
d TM scene to get map coordinates and pixel sizes.  Map coordinates for the 

upper left pixel and lower right pixel of the photograph were computed based on 
map coordinates for the TM subset as follows. 

: 
te for the TM subset 

T
 TM r the TM subset 

TM_YSZ et 

 
 P_ _XSZ/2 + P_XSZ/2 
 P_ULY = TM_ULY + TM_YSZ/2 – P_YSZ/2 

te

Notation
 TM_ULX Upper Left X Map Coordina
 M_ULY Upper Left Y Map Coordinate for the TM subset 

_LRX Lower Right X Map Coordinate fo
 TM_LRY Lower Right Y Map Coordinate for the TM subset 
 TM_XSZ X Pixel size (in Map Coordinates) the TM subset 
 Y Pixel size (in Map Coordinates) the TM subs
 
and similarly for the photograph: 
 P_ULX Upper Left X Map Coordinate for the photo subset 
 P_ULY Upper Left Y Map Coordinate for the photo subset 
 P_LRX Lower Right Map Coordinate for the photo subset 
 P_LRX Lower Right Map Coordinate for the photo subset 
 P_XSZ X Pixel size (in Map Coordinates) the photo subset 
 P_YSZ Y Pixel size (in Map Coordinates) the photo subset 

ULX = TM_ULX - TM

 P_LRX = TM_LRX + TM_XSZ/2 – P_XSZ/2 
 P_LRY = TM_LRY - TM_YSZ/2 + P_YSZ/2 

Common data sets were used to evaluate both demixing and spectral index corre-
lation analysis.  Therefore, it was necessary to complete the above image and 
photograph preprocessing and classification steps only once to compile a data set 
of CIR photography and TM imagery subsets that was suitable for both demixing 
and spectral index correlation analysis. 
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Figure 9.  Procedure for subsetting the common area between a TM image and a CIR 
photograph. 

tral Demixing Spec

y refers to Band 7 of the TM sensor.  
Therefore, there were six pixel values associated with spatial position of any 
given

Mathematics of Spectral Demixing 

Withi gle pixel images approximately 30 m by 30 m on 
the ground, or 900 m2.  Since a pixel represents a 900-m2 area on the Earth’s sur-
face, there may be many different land-cover types present, yet all land-cover 

Spectral demixing used 12 1:16,000 CIR photographs resampled to 1-m spatial 
resolution and a temporal coincident Landsat TM image at 30-m resolution.  For 
each CIR footprint, a subset of the TM scene that matched the geographic extent 
of the CIR footprint was extracted from the TM scene, resulting in 12 pairs of 
CIR photographs and matching TM subsets.  Band 6 of TM was not used in this 
analysis.  Only Bands 1 through 5 and 7, or a total of 6 bands, were used.  Thus, 
any reference to Band 6 in this report actuall

 pixel, the values corresponding to TM Bands 1 through 5 and 7. 

n Landsat TM data, a sin
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types are represented by a single spectral signature for that pixel.  The contribu-
tion from any particula pe is assumed to be proportional to the amount 
of area that total area represented by that pixel.  The as-

s made that each of the various land-cover types has a unique, or 
pectral signature.  Therefore, the spectral signature associated with a 

, or a “mixed signature” or “mixed pixel.”  
f the pure 

ea rep-
resented by the pixel.  For a single band, b, this can be summarized as shown in 

 

Mb = P1 Sb2 + P2 Sb2 + ... Pn Sbn = 3 Pj Sbj Equation 1 

 
Pj = the jth land-cover type (in this case, de-

Sbj = the pure signature value of the particular land-cover type for that band, 

P1 + P2 + ...+ Pn = 3 Pj = 1 Equation 2 

 

obtained from aerial 

r cover ty
 it takes up within the 

sumption i
“pure,” s
pixel is a mixture of these pure spectra
A second assumption is that the mixing can be modeled by the sum o
spectra, each weighted by the fractional area it covers within the total ar

Equation 1. 

Where: 
Mb = the mixed pixel value for that band,  

the fractional area (percentage) of 
rived from classified aerial photographs),  

and  
j = 1 to n is the number of land-cover types. 

The user must decide how many land-cover types are necessary to represent the 
terrain.  In this research, the number of land-cover types was five.  Once air 
photo classifications were recoded to binary maps of cover vs. bare ground, the 
number of land-cover types was reduced to two.  The values of both Mb and Sbj 
depend on the band being analyzed.  However, Pj does not depend on the band 
because it is a spatial quantity, not a spectral quantity.  The fractional areas 
(percentages) should sum to unity, or 100 percent coverage (Equation 2). 

The mixed pixel value for band b, Mb, is always known from the TM image.  The 
unknowns are the percentage covers and the pure signature values for each band 
and for each land-cover type.  To use Equation 1, either the cover percentages 
must be known or the pure spectra must be known (or combinations thereof). 
Using a hypothetical example below, an assumption is made that the terrain can 
be represented by three land-cover types (i.e., n = 3).  First, assume that the per-
centages, Pj, of each of the three land-cover types are known for the area covered 
by a single pixel.  In this research, the percentages were 
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photography.  For each band there are three unknowns in Equation 1:  Sb1, Sb2, 
and Sb3 (the pure signature values for band b).  Thus, a unique solution is not 
attainable.  However, if the percentages are known for at least three pixels A, B, 
and C (i.e., three different areas on the ground), a solution can be obtained.  The 
equations to be solved, for each spectral band are: 

MbA = P1A Sb1 + P2A Sb2 + P3A Sb3 Equation 3 

MbB = P1B Sb1 + P2B Sb2 + P3B Sb3

Sbj = the pure signature value of the jth land-cover type for band b. 

M4 = P1 S41 + P2 S42 + P3 S43

MbC = P1C Sb1 + P2C Sb2 + P3C Sb3

Where: 
MbA = the pixel value for band b at point A,  
PjA = the fractional area (percentage) of the jth land-cover type at point A, 

and 

If the percentages for more than three pixels are known, the pure signature val-
ues for band b can be solved using the method of least squares.  This can be per-
formed for each of the six bands in the image to calculate the pure signatures of 
the three land-cover types.  Alternatively, pure spectrum signature data are also 
available for various materials from data reference libraries provided by the U.S. 
Geological Survey (USGS) and other agencies.  However, a spectral library of all 
plant species and soil types at Fort Bliss was not available. 

Next, by solving Equation 3 by sampling a number of TM pixels, the pure signa-
tures for the three land-cover types are known.  What is unknown is the per-
centage cover, Pj, of each of the three land-cover types for every remaining pixel 
in the image, or for each remaining pixel that you wish to extrapolate cover es-
timates.  For each remaining pixel in the image, Equation 1 is written for each of 
the six bands.  This provides six equations to solve for the three unknowns; P1, 
P2 and P3 for each pixel.  The equations are: 

M1 = P1 S11 + P2 S12 + P3 S13 Equation 4 

M2 = P1 S21 + P2 S22 + P3 S23

M3 = P1 S31 + P2 S32 + P3 S33
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M5 = P1 S51 + P2 S52 + P3 S53

M6 = P1 S61 + P2 S62 + P3 S63

Where: 
Mi = the pixel value for the ith band,  
Pj = the fractional area (percentage) for the jth land-cover type, and  
Sij = the pure signature value of the jth land-cover type for the ith band. 

The solution can be performed by the method of least squares.  These equations 
can be written more compactly in matrix form as shown in Equation 5. 

M = S P Equation 5 

Where: 

ar spectral demixing.  Solving for the vec-
tor P is the “demixing” calculation implied by the method’s name. 

 types (the number of 
pure spectra).  Thus, the number of bands sets the upper limit on the number of 

thod.  Attempting to model the 
terrain with more pure signatures would lead to an undetermined set of equa-

ery is a percent coverage classification of a 
particular land-cover type.  Since the percentages range from 0 to 100, an 8-bit 

M = the vector of mixed pixels, 
S = the matrix of pure spectra where the jth column is the pure spectrum of 

the jth land-cover type, and 
P = the vector of unknown fractional areas (percentages). 

This is the mathematical model of line

Finally, note that the row dimension of S is equal to the number of bands and 
the column dimension is equal to the number of land-cover

land-cover types that can be modeled with this me

tions.  Of course, this assumes that the pure spectra are unique.  Nonuniqueness 
of the pure spectra would also reduce the dimensionality of the system of equa-
tions, making a solution difficult to obtain. 

For each pixel of the input image, Equation 5 can be solved for percent cover for 
each of the three land-cover types, thereby creating an image of percent cover or 
abundance.  Each band of this imag

per pixel grayscale image can be used to store the results.  As one moves the cur-
sor across the image, the pixel value at each point represents the percentage 
cover or abundance of the land type associated with that image.  Also, the im-
ages can be summed to see if Equation 2 holds as an indication of the accuracy of 
the linear mixing of pure spectra used to model the terrain. 
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The algorithm used to find a least squares solution in this research was Singular 
Value Decomposition (Press et al. 1992).  Singular Value Decomposition is very 
stable and was appropriate for finding a least squares solution to an overdeter-
mined set of linear equations.  This algorithm is not necessarily the fastest, but 
it can handle both overdetermined and underdetermined systems of equations 
with equal ease.  The singular values calculated by the algorithm indicate 

ve land-cover types were classified from the CIR photograph and used to 
model the landscape: honey mesquite, mesquite/dune edge/shadow/litter, two in-

assified, as was the case for most of the demix-
ing analysis in this investigation, then a two-band output image was created.  

age are the fractional area or per-
centages, P in Equation 1.  This output image is hereafter referred to as the 

 

whether or not the system of equations has a full rank.  In the case of linear 
spectral demixing it indicates that one of the spectra in matrix S of Equation 5 is 
not unique. 

Example Implementation of Spectral Demixing 

An example of the complete spectral demixing process was accomplished using 
photo 381_158 of Study Site #1 (Coppice Dunes Maneuver Areas).  In this exam-
ple, fi

terdunal vegetation cover types, and bare soil. 

A 30-m by 30-m grid was superimposed on top of the five-class map derived from 
the unsupervised classification of the photograph.  Each grid element repre-
sented the spatial extent of a single TM pixel (30 m by 30 m = 900 m2).  At 1-m 
resolution in the CIR photographs, 900 CIR photo pixels cover the same area as 
1 TM pixel.  A simple geographic information system (GIS) program (AIR-
COVER) was written to summarize the percent cover of each land-cover compo-
nent in the CIR photo map that falls within each individual TM pixel.  The re-
sulting output from this program is a five-band GIS data file, with each band 
representing the fractional percentage of a single land-cover type.  As one moves 
the cursor across a single band of the image, the pixel value at each point repre-
sents the percentage cover or abundance of the specific land-cover type associ-
ated with that band of the image.  The abundance or percent cover value of the 
pixel represents the percent cover of that particular land-cover type that exists 
within the footprint of a single TM pixel, which in this case is 30 m by 30 m.  If 
only two land-cover types were cl

The pixel values in the resulting output im

AIRCOVER image.  The AIRCOVER images served as the reference or ground 
truth of percent covers for both spectral demixing and spectral index correlation 
analysis. 

Next, both the AIRCOVER output (in this example, five bands) and the matching 
TM subset (six bands) were input into a sampling program called TRAINDAT. 
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Approximately 500 pixels were randomly sampled from each photograph.  The 
analyst can specify the number of samples.  For each band of TM imagery, 500 
paired observations of the mixed TM signature (M in Equation 3) were extracted 
from the TM image, and the fractional percent covers for each land-cover compo-
nent (P in Equation 3) were extracted from the AIRCOVER file.  This sampling 
was repeated for each spectral band of TM imagery resulting in six sets of equa-
tions like Equation 3, with each equation set containing 500 equations—1 for 
each pixel sampled.  The TRAINDAT program outputs tabular ASCII data.  
Tabular data for each of the six sets of equations was then formatted for input 
into the MINITAB statistical package.  Using 500 samples for each set of equa-
tions or spectral band, a singular value decomposition method of least squares 
was used to solve for the pure signature values (P in Equation 3) for each land-
cover type.  Each set of equations solves for the respective pure signature values 
for each land-cover type in a different spectral band. 

Finally, for each remaining pixel in the image, the mixed pixel response for each 

l CIR photo-TM image pair.  
In addition, the above procedure was repeated for each recode of the original 

hy.  This was accomplished by subtracting each band 
of the reference AIRCOVER image from each corresponding band of the demix-

xel-by-pixel basis. 

-cover cate-
gories.  The standard deviation provided some indication of the variance in these 

of six TM bands and the pure spectrum for each land-cover type were input into 
a DEMIX program.  DEMIX solves Equation 4 for P, thus providing an estimate 
of the fractional percent cover of each individual land-cover type within each TM 
pixel.  DEMIX outputs a separate band corresponding to fractional percent cov-
ers of each land-cover type.  In this example, DEMIX produced five bands corre-
sponding to the five land-cover types. 

The above procedure was repeated for each individua

five-class unsupervised classification for each photograph. 

Demixing Evaluation and Accuracy Assessment 

An evaluation of demixing performance was conducted on a photo-by-photo basis, 
including all possible recode combinations tested.  Performance was evaluated 
based on how closely the demixing estimates of fractional cover by land-cover 
type matched the reference fractional cover estimates derived directly from the 
classified aerial photograp

ing output on a pi

Descriptive statistics such as mean and standard deviation (SD) of each differ-
ence image were used to evaluate demixing performance.  A mean difference of 0 
between the estimated and reference cover would indicate that the demixing 
procedures accurately predicted the fractional percent covers of land
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estimates.  However, it was recognized that these descriptive statistics may not 
have provided a suitable method for evaluating accuracy, because demixing 
could potentially overestimate cover in some areas, while underestimating cover 
in other areas.  These types of errors may have canceled each other out; there-
fore, the mean difference may still have been relatively low. 

An additional descriptive statistic used to compare the estimated versus the ref-
erence fractional percent land-cover values for each photograph was the sum of 
absolute difference between estimated and reference cover values on a pixel-by-
pixel basis.  By computing absolute differences, the possibility of a mean differ-
ence equaling 0 resulting from an equal number of overestimations and underes-
timations of cover was eliminated.  By tabulating the absolute difference the 
amount by which estimates of cover overestimate or underestimate reference 
cover values are summed, providing a more robust evaluation of demixing accu-
racy. 

Inferential statistics were also calculated to compare estimated vegetative cover 
amounts derived from demixing with reference vegetative cover amounts.  These 
statistics included a paired Students T-test (t-value), probability value (P), and a 
95% confidence interval for the mean difference between the estimated and the 
reference abundance amounts.  The t-value and P were used to evaluate the null 
hypothesis that the mean difference between the estimated percent covers from 
demixing analysis and the reference percent cover values from air photo classifi-
cations was equal to 0 at alpha = .05, or 95% confidence.  The 95% confidence in-
terval indicates that for any paired sample for any given pixel, the mean differ-

c  the demixing estimates of cover and the reference cover values will 
fall wi ith 95% confidence.  Again, the reference image was 

m the estimated image.  Therefore, positive confidence in-
tervals ind  demixing consistently overestimated cover, intervals 
straddling zero indicated that differences were close to zero, and negative inter-
vals indicated that demixing consistently underestimated cover.  The same null 
hypothesis was tested to evaluate all demixing and spectral index correlation es-
timates of cover in

Spatial Extrapolation of Demixing Results 

A final evaluation of demixing results was to evaluate demixing capabilities for 
spatially extrapolating the fractional land-cover percentage estimate to areas 
beyond the photo footprint locations that were used to parameterize the demix-
ing model.  Extrapolation capabilities were tested at each study site.  For each 
site, three of the fou

m odel.  The remaining TM subset, which matched the fourth CIR foot-

en e between
thin this interval w

always subtracted fro
icated that

 this research. 

r photographs were randomly chosen to parameterize the 
de ixing m
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print, w om the other three photo/TM subset pairs.  Demixing 
o using three photographs were conducted in the same manner as 

demixing of a single TM/photograph pair described above.  The only variation 
was that paired samples of mixed TM pixel values and fractional land-cover per-
cent coverages from the classified CIR photogra
graphs instead of one.  Instead of random sampling 500 pixels in one photo-

amples were collected across three photographs.  These 
50 Equation 3.  

 for the remaining 
TM subset to be demixed were input to Equation 4 to solve for the fractional per-

ve, within each TM pixel. 

Spectral Index Correlation Analysis 

Correlations between various spectral brightness and greenness indices and per-

ve for estimating and extrapolating groundcover estimates using coarse resolu-
n agery.  The same CIR photo/TM subset pairs that were used for 

demixing analysis were also used for correlation analysis.  The same 5 class un-

pict-
ing cover versus bare ground (See Table 2, page 24). 

In addition, the same fractional land-cover percent c verages from classified CIR 
photograph pixel were also used as reference cover 
amounts.  These values were extracted from the classified CIR photo

rlier.  However, rather than using fractional cov-
mixed TM pixel values as input into Equation 3 to conduct demixing, the 

rightness 
bles and 

dependent variable) using least 

 
calculated for each of the 12 TM subsets and evaluated as dependent variables 
for predicting fractio
the exception of Band 6, was also evaluated as a dependent variable. 

as then demixed fr
pr cedures 

ph were taken from three photo-

graph, 1500 random s
1 0 samples were then used to solve for pure spectra values, P in 
These same P values, along with TM mixed spectra values (M)

cent coverage of each land-cover component, whether it be two cover types or 
fi

cent cover were evaluated using exploratory regression analysis as an alterna-
ti
tio  TM im

supervised classifications of the CIR photographs were used, including the vari-
ous recodes of the classifications, resulting in a number of 2 class images de

o
s that fall within a single TM 

graphs us-
ing AIRCOVER, as described ea
ers and 
TM subsets were first processed to produce a number of spectral b
/greenness indices.  These indices were then used as independent varia
correlated with fractional cover percentages (the 
squares linear regression. 

Spectral Indices 

A total of seven greenness or vegetation indices, and two brightness indices were

nal covers.  In addition, each of the TM spectral bands, with 
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As described earlier, greenness indices are designed to measure the amount of 
for arid environ-

rse and background soil domi-
-

rth’s 
surface.  Therefore, the amount of vegetation present, which acts to mask the 
re e soils, is usually inversely related to brightness index 
values.  Although brightness indices were expected to provide better estimations 

ex, the Transformed Normalized Vegeta-
tion Index (TNDVI), the Modified Soil Adjusted Vegetation Index, and the 

photosynthetically active vegetation.  They are not well suited 
ments such as Fort Bliss where vegetation is spa
nates the spectral response.  Brightness indices are better suited for arid envi
ronments, as they are designed to measure the total reflectivity of the Ea

fl ctivity of background 

of cover, the process of evaluating a number of different greenness and bright-
ness indices did not require substantial additional effort.  Therefore, all nine in-
dices (seven greenness and two brightness) were evaluated as potential surro-
gate measures of vegetative cover.  The vegetation or greenness indices 
calculated were:  NIR/Red, SQRT (NIR/Red), the Vegetation Index (IR-R), the 
Normalized Difference Vegetation Ind

Kauth-Thomas or Tassled Cap Greenness Index (KTG).  The brightness indices 
calculated were albedo or reflectance over all visible and near infrared bands, in-
band albedo or reflectance of individual TM bands, and the Kauth-Thomas or 
Tassled Cap Soil Brightness Index (KTB).  All processing was done using 
ERDAS Imagine.  A graphical model in Imagine was used to calculate the indices 
as described below.  A more complete explanation of these indices is included in 
Chapter 2 Background, page 6. 

Greenness Indices 

• NIR/Red 
 

 Equation 6 

• SQRT (NIR/Red) 
 

 Equation 7 

• NIR-Red 

 Equation 8 
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• NDVI 

 Equation 9 

• TNDVI 

 

 Equation 10 

• MSAVI 

 2  Equation 11 

 
• Kauth-Thomas Tasseled Cap Greenness Vegetation Index 

KTG = (-0.273)(TM1) - (.217)(TM2) - 

)(8)1 2 REDNIR−−

(.551)(TM3) + (.722)(TM4) + (.073)(TM5) - (0.165)(TM7) 

 Equation 12 

Brightness Indices 

M5) + (.171) (TM7) 

2(12 NIRNIR +−+

• Kauth-Thomas “Tassled Cap” Brightness Index (KTB) 

KTB = (.291)(TM1) + (.249)(TM2) + (.481)(TM3) + (.557)(TM4) + (.444)(T

 Equation 13 
• Albedo 

Prior to calculation of albedo or reflectance, digital numbers were converted to 
spectral band radiance for TM imagery using (Markham and Barker 1986): 

  max
]minmax[min

D
DNLLLL λλλ

λ
−+=  

  Equation 14 

Where: 
Lmin = spectral radiance of each band at DN = 0 in mWcm-2Sr-1:m-1, 
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Lmax = spectral radiance of each band at DN=255 in mWcm-2Sr-1:m-1, 
Dmax = range of rescaled radiance in DN, and 
DN = input digital number. 

Once spectral radiance was calculated according to Equation 14, albedo was cal-
culated as the ratio of reflected solar radiation to incoming solar irradiance: 

θ
πρ

λ

λ

cos

2

E
dL

=  Equation 15 

Where: 
L λ  = spectral radiance in mWcm-2Sr-1:m-1 .(from Equation 14) 

d = earth-sun distance in astronomical units, 
E λ  = exoatmospheric spectral irradiance at the top of the atmosphere in  

mWcm-2:m-1, and 
θ  = solar zenith angle. 

Radiance is derived from Equation 14.  Exoatmospheric spectral irradiances at 
the top of the atmosphere are estimates derived from Markham and Barker 
(1986).  Correcting exoatmospheric solar irradiance in the denominator by cosθ  
normalizes the scene to an overhead or nadir sun angle and accounts for differ-
ences in solar irradiance for the time of day and day of the year (Robinove 1982; 
Hughes and Henderson-Sellers 1982). 

Total reflectance or planetary albedo was calculated by integrating spectral ra-
diance and irradiances across all of the visible and near and middle infrared 
bands.  Planetary albedo for TM imagery was integrated across Bands 1 through 
5 and 7.  In-band planetary albedo or reflectance for individual bands was calcu-
lated in the same manner as total reflectance or planetary albedo (Equation 15).  
However, reflectances were calculated using only radiance and irradiances in 
each respective wavelength of that particular TM band. 

For each TM subset that matched a CIR photo footprint, a separate GIS data 
layer was created for each of the nine indices calculated and each of the six indi-
vidual TM bands, for a total of 15 GIS layers.  These 15 layers were stacked into 
a single GIS data layer for sampling.  Similar to the demixing analysis, the 
TRAINDAT program was used to randomly sample paired observations of a 
spectral index value from 1 band of the 15-band stack and spatially correspond-
ing fractional covers of each land-cover component as extracted from the classi-
fied CIR photographs using AIRCOVER.  For each photograph in each study 
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site, 500 paired observations were sampled for each of the 15 possible independ-
ent variables to be tested. 

ations were then input into the MINITAB statistical package.  
near regression was performed between each individual index 

or TM band (independent variable) and each land-cover category, including re-
codes of the original five-class unsupervised classifications.  For classifications 

wo classes (cover and bare ground), only the cover class was 
evaluated as a dependent variable because the bare ground class was equal to 

The regression formula produced by MINITAB for each correlation between the 
 and cover estimates was then applied to each pixel in the 

respective spectral index image or individual TM band to derive a fractional per-

actional covers on a photo-by-photo basis, paired samples were taken from 

The paired observ
A least squares li

involving only t

[100 – cover] and would simply have an inverse correlation. 

Spectral Index Correlation Evaluation and Accuracy Assessment 

The linear relationship between each independent variable and each fractional 
land-cover was evaluated based on adjusted R2 values, or coefficients of determi-
nation.  All possible correlations between indices or individual TM spectral 
bands and fractional land-cover percent cover values were evaluated for each 
photograph at all three study sites. 

TM/spectral indices

cent cover estimate for each pixel in the image.  The process was repeated for 
each land-cover component, resulting in a separate estimated cover image for 
each land-cover type present. 

Similar to the evaluation of demixing performance, each reference image of frac-
tional covers extracted from the classified CIR photographs was subtracted from 
the corresponding estimated fractional cover derived from the regression equa-
tions.  Mean and SD of the difference images, as well as statistical T-tests and 
absolute differences were tabulated in the same manner as they were for evalua-
tions of demixing performance. 

Spatial Extrapolation of Spectral Index Correlation Results 

Similar to the demixing analysis, the final evaluation of spectral index correla-
tion analysis results was to evaluate the capability of the correlation to extrapo-
late fractional percent cover estimates to geographic areas beyond the photo foot-
prints that were sampled to develop the regression equations. 

Rather than sampling paired observations of the index values and corresponding 
fr
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three of the four photographs for each study site.  These samples were then used 
to develop a regression formula for estimating fractional percent covers for the 
fourth photograph using the respective index or spectral band for the TM subset 

 values derived from the classification of the fourth CIR 

Sum

 cost effective manner.  Inferential sta-
 

sulted in the most accurate esti-

that matched the fourth photograph.  Again, similar to photo-by-photo evalua-
tions, the mean, SD, T-test, and absolute differences were compiled by differenc-
ing the reference cover
photograph from the extrapolated cover estimates for the area of the fourth pho-
tograph. 

mary of Methodology 

Descriptive statistics such as mean difference, standard deviation of mean dif-
ference, and sum of absolute difference between estimates of abundance and ref-
erence abundance were used to evaluate the accuracy of vegetation abundance 
estimates.  Reference abundance amounts were derived from high-resolution CIR 
photographs.  Estimates of abundance were either extracted from coarse resolu-
tion TM imagery using spectral demixing or were derived from spectral index 
correlation models.  Inferential statistics were also used to evaluate the predic-
tive ability of these models to estimate and extrapolate cover estimates derived 
from coarse resolution satellite imagery. 

Inferential statistics were based on random samples of results.  However, be-
cause remotely sensed imagery provides a complete census of a population, sam-
pling and inferential statistics were not necessary; automated analysis of im-
agery offers the ability to rapidly compile descriptive statistics of entire 
populations of image pixels in a rapid and
tistics such as the Student’s T-test were useful for understanding the predictive
capabilities of demixing and spectral index correlation analysis for estimating 
and extrapolating percent groundcover estimates.  However, the sums of abso-
lute differences between estimated and reference cover percentages were ulti-
mately used to identify the best performing models.  The same descriptive statis-
tics were also useful for identifying the reclassification or recode of spectral 
categories into cover vs. bare ground, which re
mates of abundance of cover and bare ground. 

The same statistics were compiled for four CIR photographs and matching TM 
subsets for each of the three sites, resulting in a total of 12 photograph samples.  
The sum of absolute differences was evaluated for each individual photograph, 
for all four photographs for an individual site, and for extrapolated estimated 
derived from sampling three of four photographs for a site. 
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5 

Spec

GIS data layer for each land-cover com-
as m TM he pixel values in each individual 

d pr d a n erc over estimates for that respective 
land-cover type.  Therefore, demixi

GIS aye r d abundance were visually compared with 
ages of abundance for each land-cover type to assess similarity in 

l dist on n   S , because the pixel values in the 
 and ce s ctual estimates of percent cover, inferen-

cri tat o  quantify and evaluate the accu-
f percent es imates d  f m spectral demixing analysis. 

ixing 
was not able to predict fractional land-cover percentages for five land-cover 

pes, as there was very little similarity between estimates of abundance and 
reference images of abundance.  For land-cover Category #1 (Honey Mesquite), 
the only slight similarity in abundance patterns was for circular area of  
 

Results 

tral Demixing 

Demixing analysis produced a separate 
ponent that w demixed fro  pixels.  T

ata layer re esente b aund c
ng resu

e or p e
lts were evaluated in two ways.  First, 
nt c

individual data l rs of p edicte
reference im
the spatia ributi  of abu dance. econd
demixing referen  image  were a
tial and des ptive s istics were als used to
racy o  cover t erived ro

Five-class Results 

Using photo 381_158 from Site #1 (Coppice Dunes Maneuver Areas) as an exam-
ple, the resulting images created from demixing five separate land-cover classes 
and their corresponding reference images are displayed in Figure 10. 

Images in Figure 10 represent increasing vegetative cover with increasing pixel 
brightness for each respective land-cover type.  For example, a bright pixel in 
Category #1 (Honey Mesquite) indicates a large abundance of mesquite cover, 
while a dark pixel in this same category represents a low abundance of mesquite.  
The column of images on the left depicts abundance estimates derived from spec-
tral demixing for five land-cover types.  The column of images on the right de-
picts reference abundance values derived from unsupervised classifications of 
CIR photographs for the same land-cover types.  Ideally, the spatial patterns of 
estimated abundance from spectral demixing should appear similar to the corre-
sponding reference images of abundance for each respective land-cover type.  
However, visual inspection of the photographs indicates that spectral dem

ty
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Figure 10.  Demixing results for five land-cover categories for photo 381_158 (left column is the 
demixing estimate of abundance for each category, right column is the reference abundance for 
each category). 
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relatively low abundance of honey mesquite in the lower southwest quadrant of 
the image.  The demixing image did not capture the high amount of honey mes-
quite cover in the extreme northwest corner of the image and along a linear fea-
ture extending from approximately the center of the image to the southeast.  The 

stimated image.  Estimates of land-cover Category #3 (Interdunal 
Cover) appeared to detect a higher abundance in the southwest quadrant of the 

 distinct patterns found in the reference image were not 
discernable in the estimated image.  Estimates of land-cover Category #4 (Inter-

were used to evaluate performance of spectral demixing.  

 

rence image. 

reference image of Category #2 (Mesquite/Dune Edge/Shadow/Litter) indicated a 
relatively high amount of cover in the southwest quadrant and in an isolated 
area in the extreme northwestern corner of the image.  Demixing estimates for 
the same land-cover class indicated only a slightly higher abundance in the 
southwest quadrant and no increase in abundance in the northwest corner.  In 
addition, the distinct patterns of high cover in the reference image were not evi-
dent in the e

image, but again, the

dunal Cover) did appear to estimate a slightly higher abundance in the northern 
half of the image, but none of the observed patterns in the reference image ap-
pear in the estimated image.  Estimates of land-cover Category #5 (Bare Ground) 
did not depict a road in the southwestern corner of the image, which was clearly 
evident in the reference image, and did not appear to capture of the patterns 
that were evident in the reference image. 

In addition to visual inspection, a number of metrics, including results from sta-
tistical analysis, also 
The mean and standard deviation of abundance of land-cover types derived from 
reference classifications of the CIR photographs were compared to mean and 
standard deviations of estimated abundance of land-cover types resulting from 
spectral demixing for each land-cover category. 

Table 3 summarizes mean abundance for each land-cover category in both the 
reference image and the estimate image derived from demixing analysis.  Esti-
mated mean abundances derived from demixing analysis were similar to means 
derived from reference images for land-cover Categories 2 and 3, but differences 
were considerably higher for Categories 1, 4, and 5.  The largest difference for 
any land-cover type was approximately 10 percent for Honey Mesquite, Category 
#1.  The estimated proportional cover for each land-cover type was similar to the 
proportional cover in the reference image.  Demixing overestimated abundance 
for Categories 4 and 5 and underestimated cover for Categories 1, 2, and 3.  Ref-
erence cover amounts indicated 24.31 percent cover of Category #1 (Honey Mes-
quite) and 26.41 percent cover of Category #5 (Bare Ground), while demixing es-
timated 14.12 percent Honey Mesquite cover and 35.32 percent bare ground. 
Standard deviations for demixing estimates of abundance were considerably 
higher than standard deviations in the refe
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Table 3.  Mean and standard deviation of abundance (percent 
cover) for five land-cover categories for photo 381-158, Study 
Site #1; estimated (demixing) versus reference. 

Photo 381_158 ESTIMATED REFERENCE 
CATEGORY Mean SD Mean SD 

Mesquite 14.118 11.483 24.307 7.530 
Mesquite/ 
Dune Edge/ 
Shadow/Litter 

8.832 7.806 11.482 4.192 

Interdunal 9.938 10.345 13.393 5.488 
Interdunal 30.206 33.052 24.403 8.255 
Bare Ground 35.322 32.787 26.412 12.927 
Totals 98.416  99.997  

Statistical comparisons between the estimated vegetative cover amounts derived 
from demixing and the reference vegetative cover amounts are presented in Ta-
ble 4 and include a paired Student’s T-test statistic (t-value), probability value 
(P), and a 95% confidence interval (CI) for the mean difference between esti-
mated and reference abundance amounts.  The t-value and P were used to 
evaluate the null hypothesis that the mean difference between the estimated 
percent covers from demixing analysis and the reference percent cover values 
from air photo classifications were equal to zero at alpha = .05, or 95% confi-
dence.  The 95% confidence interval indicates that for any paired sample for any 
given pixel, the mean difference between the demixing estimates of cover and the 
reference cover values will fall within this interval with 95% confidence.  Again, 
the reference image was always subtracted from the estimated image.  There-
fore, positive confidence intervals would indicate that demixing consistently 
overestimated cover, intervals straddling zero would indicate that differences 
were close to zero, and negative intervals would indicate that demixing consis-
tently underestimated cover.  The same null hypothesis was tested for assessing 
all demixing spectral index correlation estimates of cover in this research. 
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Table 4.  Descriptive and inferential statistics of difference image for five land-cover categories 
for photo 381_158, Study Site #1; estimated (demixing) minus reference. 

Photo 381_158 t-value P CI abs. diff. Mean SD 
Mesquite (1) -88.04 0.0000 -10.416, -9.962  138156 -10.189 11.885 
mesquite/ -32.60 0.0000 -2.8100, -2.4911  76106 -2.6505 8.3490 
dune edge/ 
shadow/litter (2) 
interdunal (3) -33.24 0.0000 -3.658, -3.251  100835 -3.454 10.673 
interdunal (4) 17  5.16 597 5.803 33.448 .81 0.0000 4, 6.441  321
ba 0.0 8. 546  2962 8.910 5.803 re ground (5) 27.46 000 274, 9. 32

The null hypothesis wa over types for photo 381_158 at a 
vel of confid  < .05).  In addition, the mean difference and the stan-

dard deviation of the difference between paired samples of estimated percent 

d cover amounts underestimated 
cover.  For photo 381_158, demixing underestimated cover for Category #1 

estimation of vegetative cover.  For example, demixing may have over-
number of pixels, and also underestimated cover for a 

umber of pixels.  If the amounts of overestimation and underestimation were 

evaluated based on 
how well they predicted reference groundcover estimates, a mean difference close 
t  spec d ca  h  to ead erpre-
tation of pe exampl ause demixing significantly under-
estimated and overestimated cover for a number of pixels, the predictive 
capability of the demixing model may not have been as great as the mean dif-
ference would have indicated.  Therefore, a sum of absolute differences between 
the estimates of cover from demixing and the reference cover values was also 

s rejected for all five c
95% le ence (P  

cover, as derived from demixing, and the reference percent cover derived from air 
photo classifications were calculated for each pixel in the image and are also in-
cluded in Table 4.  Mean differences between estimated (demixing) and reference 
cover amounts ranged from -10.189 for Category #1 (Honey Mesquite) to 8.910 
for Category #5 (Bare Ground).  Similar to the calculation of confidence inter-
vals, reference cover amounts were always subtracted from predicted cover 
amounts throughout this research.  Therefore, positive mean differences indi-
cated that the estimated cover amounts overestimated cover, while negative 
mean differences indicated that the estimate

(Honey Mesquite), Category #2 (Honey Mesquite/Dune Edge/Litter/Shadow), and 
Category #3 (Interdunal Cover), and overestimated cover for Category #4 (Inter-
dunal Cover) and Category #5 (Bare Ground).  The variance in mean difference 
was also quite high for all cover classes. 

Again, although these differences provide a relative measure of demixing per-
formance, they do not account for the cancellation effect of both overestimation 
and under
estimated cover for a 
n
relatively equal for a relatively equal number of pixels, the resulting mean dif-
ference may be close to zero.  Because demixing results were 

o zero for a ific lan -cover tegory may ave lead a misl ing int
rformance.  In this e, bec
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compiled for comparison.  Based on the sum of absolute differences, demixing 
performed best for Category #2 and Category #3 in photo 381_158, as indicated 
by 

 Site #1, one of 
the primary goals of this research was to quantify the abundance of interdunal 

 

spection of three-
class demixing results indicated considerable improvement.  For land-cover 

 

r of the image. 

their lower sums of absolute difference. 

Both a visual inspection of demixing results and a quantitative analysis con-
firmed the relatively poor results when demixing five land-cover classes.  The 
same analysis was performed for all photographs using five land-cover classes 
with similar results.  Demixing appeared to estimate abundance accurately for 
individual land-cover categories in different sample photographs, but was not 
able to accurately estimate abundance of five land-cover types within any single 
photograph. 

Three-class Results 

Due to the inability to accurately estimate abundance of the five separate land-
cover types, a number of different recodes of the original five classes were also 
analyzed.  Specific to the Coppice Dunes Maneuver Areas of Study

vegetation, which would be a good indicator of impacts due to military training.  
Therefore, a three-class unsupervised classification was applied to identify three 
land-cover types:  Honey Mesquite, Interdunal Vegetation, and Bare Ground. 
Spectral demixing was then used to estimate abundance of these three cover 
types. 

Again, using photo 381_158 as an example, Figure 11 contrasts the results of 
demixing estimates of abundance with reference images of abundance for three 
land-cover types.  In contrast to the five-class results, visual in

Category #1 (Honey Mesquite), abundance patterns were similar in the esti-
mated and reference images, including a circular area of relatively high abun-
dance of honey mesquite in the upper northwest corner of the image and also ex-
tending from approximately the center of the image to the southeast.  The 
estimated image also captured the road in the southwest corner of the image. 
The reference image of Category #2 (Interdunal) indicated a relatively high 
amount of cover in the southwest quadrant and in an isolated area in the ex-
treme northwestern corner of the image.  Demixing estimates for the same land-
cover class did capture a higher abundance in the southwest quadrant, although 
the patterns were slightly different, and failed to delineate the area of high 
abundance in the northwest corner.  Estimates of land-cover Category #3 (Bare 
Ground) appeared to correspond well with the reference image, as both indicate 
a relatively low abundance of bare ground in the northwest corner and south-
west quadrant of the image, as well as a high abundance of bare ground along a 
road in the southwest corne
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Figure 11.  Demixing results for three land-cover categories for photo 381_158 (left column is the 
demixing estimate of abundance for each category, right column is the reference abundance for 
each category). 

Table 5 lists the mean and standard deviation for both the reference images and 
demixing estimates for three land-cover types.  Similar to the five-class break-
out, demixing estimates of mean abundance were similar to mean reference 
amounts.  Demixing appeared to slightly overestimate Category #1 (Honey Mes-
quite) and slightly underestimate Category #2 (Interdunal Cover) and Category 
#3 (Bare Ground).  In general, the estimated abundance was much closer to the 
reference abundance for the three land-cover classes as opposed to five, with the 
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largest difference between estimated and reference cover being 4 percent fo
Category #1 (Honey Mesquite).  However, standard deviations for estimates de-
rived from demixing wer

r 

e still much higher than standard deviations of abun-
dance in the reference images. 

  Mea standar tion nd
ries fo hoto 381_1 8, Study Site #1; estimated (demixing) rsus 

. 

Table 5. n and d devia of abundance for three la -cover 
catego
reference

r p 5 ve

ESTIMATED REFERENCE 
CATEGORY Mean SD Mean SD 

mesquite (1) 34.5 30 62  35 20.388 .590 8.1
interdunal (2 24.5 20.13 26 53 ) 28 3 .594 9.6
bare ground (3) 39.7 29.61  42.818 12.879 80 4
Totals 98.8  0043 1 .002  

Table
between

 6 su marizes t e inferen ial and escriptive statistics for the difference 
 e ed an eren er land class  pho

58.  ugh th  hy s ce equa ro w
ed fo each land- pe, the relatively low mean differences and smaller 

nce rvals i ted em mat roved n on
three land-cover classes were identified, as opposed to five.  Visual inspections of 
he spatial patterns for three-class estimates confirmed these results.  However, 

variance in estimated cover derived from demixing was still consider
than what was found in the reference images. 

alu g all fiv ss an

 predict fractiona  land-cover percentages of specific land-cover types iden-
ro ield ob ion rt ref e-clas  thre

ecod e elim ed fr th .  D g ana was 
 on e imating th  abunda ce of c nd bare ground by analyzing only 

las ions reco nt cl Cove  Ba
d). 

.  Des e and in l sta f d and-c egor
oto 381_158, Study S e #1; estim ed (demixing) minus reference. 

m h t  d
stimat d ref ce cov  for three -cover es for to 

381_1 Altho e null pothesi that differen s were l to ze as 
reject
confide

r cover ty
 inte ndica that d ixing esti es imp  whe ly 

t
ably higher 

After ev atin e-cla d three-class recodes for all photographs at each 
of the three sites, it was determined that spectral demixing was not able to accu-
rately
tified th

l
ugh f servat s at Fo  Bliss.  The ore, fiv s and e-

class r es wer inat om fur er analysis emixin lysis fo-
cused
those c

st e n over a
sificat and des co aining two asses ( r and re 

Groun

 
Table 6 criptiv ferentia tistics o ifference image for three l over cat ies 
for ph it at

Category t-value P CI abs. diff. Mean SD 
mesquite (1) 21.76 0.0000  3.588, 4.299 165442 3.943 18.610 
interdunal (2) -10.84 0.0000 -2.439, -1.692 170479 -2.066 19.570 
bare ground (3) -12.29 0.0000 -3.521, -2.552 224513 -3.036 25.371 
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Two-class Results 

dy S  - Copp nes ve

ffer ecodes  ori iv per lassi n we
ted e pow  dis h over bare g  usi

xing alysis.  E ch reco  repre nted a sligh y different grouping 
ies able 2 e 24 ld of over c ies 

pect ss wa poss ca  C togra m O
 and ovember 1 94 was u ed.  Ho ever, field re nnaissanc was able

ide Categ #1 a ey  an egory s Ba
d.  S l cate s 2 t  be ed w peci
iqu  cover typ   There re, diff rent recodes were tested by grouping 

o e ted.  A of fi depicting Cov
vs. Bare Ground were tested for each photograph in this analysis. 

r estimates was signifi-

 of 141003 
(Cover) and 140716 (Bare Ground).  On average, this classification underesti-
mated Cover by 1.5 percent and overestimated Bare Ground by 0.71 percent.  
These results were considerably better than the five-class and three-class break-
outs evaluated earlier.  This indicates that a simple two-class unsupervised clas-
sification would provide the most accurate estimates of Cover versus Bare 
Ground for photo 381_158. 

Stu ite #1 ice Du  Maneu r Areas 

Four di ent r  of an ginal f e-class unsu vised c ficatio re 
evalua for th er to tinguis  between c  and round ng 
demi
categor

an a de se tl  of 
(see T , pag ).  Fie  verification land-c ategor for 

each s ral cla s not ible be use archival IR pho phy fro c-
tober
clearly 

N 9 s w co e  to 
ntify ory s Hon  Mesquite d Cat #5 a re 

Groun pectra gorie hrough 4 could not associat ith a s fic 
and un e e. fo e
these uncertain categories into both Cover and Bare Ground categories.  A fifth 
grouping of land-cover types based on 
was als

a two-class unsupervised classification 
valua  total ve slightly different binary maps er 

Table 7 lists the mean percentage or abundance of the Cover category resulting 
from each of the different recodes and the two-class unsupervised classification 
(ISO2).  The mean percentage or abundance of Bare Ground is not included Ta-
ble 7, but is equal to 100% - Cover%.  As expected, as additional land-cover cate-
gories are placed in the Cover category, the mean for both the estimated and the 
reference cover also increase.  In all cases, estimates of cover are very similar to 
reference amounts, with the largest difference occurring for Recode 14_5, at ap-
proximately 3 percent.  However, the variance in cove
cantly higher than the variance found in the reference images. 

Table 8 lists the inferential and descriptive statistics for the differences between 
demixing-derived estimates and reference abundance for these five recodes for 
photo 381_158.  The null hypothesis was rejected for all five of the recode/classi-
fications.  However, all recodes appeared to estimate the abundance of vegetative 
cover with some degree of accuracy, as indicated by the relatively low mean dif-
ferences.  Both the ISO2 classification and the 12_35 recode underestimated bare 
ground by less than 1 percent, on average.  The largest mean difference resulted 
from the 14_5 recode, at -2.82 percent.  The two-class unsupervised classification 
(ISO2) appeared to be the best performer, with absolute differences
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Table 7.  Mean and standard deviation of cover abundance for photo 
381_158, Study Site #1, derived from ISO2 and four recodes; 
estimat emixin us ce. ed (d g) vers  referen

 Estimated Reference 
Reco   de Mean SD Mean SD 
ISO2 36.974 7 0 19.34 38.48 9.751 
1_2 9 6 7 5 25.58 22.03 24.30 7.530 
12_ 8 0 6 35 34.45 21.13 35.71 9.158 
13_ 1 2 8 .874 45 47.26 21.37 49.17 11
14_ 2 8 73.588 12.927 5 70.77 20.33

T ip  inf tatis ifferen e (esti emi s 
r e) for tw -cove ies f  381_ y Sit g IS ur recodes. 
able 8.  Descr tive and erential s tics of d ce imag mated [d xing] minu
eferenc o land r categor or photo 158, Stud e #1 usin O2 and fo

381_158 Recode t-value P CI abs. diff. Mean SD 
Cover  ISO2 -9.39 0.0000 -1.857, -1.215 41003 .536 16.97 1 -1
Bare Ground ISO2 0 0.37 17.490 4.16 .0000 4, 1.042 140716 0.708 
Cover  1_25 6.27 0.0000 0.861, 1.643 175986 1.252 20.500 
Ba -2.325, -1.514 177742 -1.920 21.240 re Ground 1_25 -9.28 0.0000 
Cover  12_35 -7.00 0.0000 -1.687, -0.949 164568 -1.318 19.326 
Bare Ground 12_35 2.47 0.014  0.096, 0.837 164338 0.466 19.401 
Cover  13_45 -10.92 0.0000 -2.263, -1.574 151545 -1.918 18.040 
Bare Ground 13_45 5.97 0.0000 0.704, 1.393 150816 1.049 18.042 
Cover  14_5 -15.34 0.0000 -3.175, -2.456 158866 -2.815 18.841 
Bare Ground 14_5 11.22 0.0000 1.689, 2.404 157418 2.047 18.731 

Table 9 summarizes the same recode/classifications for three additional photo-
graphs for Study Site #1 (Coppice Dune Maneuver Areas).  The top performing 
recode was not consistent for each photograph in Study Site #1.  For example, 
Recode 12_35 appeared to be the best performer for photo 381_144, as indicated 
by the lowest absolute differences for Cover (123226) and Bare Ground (123806).  
The mean difference between estimated and reference cover was also relatively 
low.  The ISO2 also performed well, as indicated by the relatively low mean dif-
ferences for Cover and Bare Ground, although the absolute differences were sig-
nificantly higher than Recode 12_35.  The null hypothesis that the difference be-
tween estimated cover and reference cover was equal to zero was accepted at the 
95% confidence level for Cover for ISO2 and Bare Ground for Recode 13_45. 
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Table 9.  Descriptive and inferential statistics of difference image (estimated [demixing] minus 
reference) for two land-cover categories for photos 380_18, 381_144, and 381_146, Study Sit
using ISO2 and four recodes. 

e #1 

 
380_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

C I 9 0 62 4 589 .898 over  SO2 -5.0 0.000 -0.816, -0.3 12351 -0. 12
B
G

 
I

 
4 

 
9 

 
 

 
1 

 
15 

 
.766 

are 
round SO2 -1.7 0.081 -0.457, 0.027 12351 -0.2 13

C 1  0 8 37 69 .468 over  _25 4.03 0.000 1.350, 1.78 1206 1.5 12
B
G

 
1

 
8 

 
0 

 
1 

 
12 

 
66 

 
.409 

are 
round _25 -19.6 0.000 -2.602, -2.13 1222 -2.3   3

C 1  0 77 2 119 .751 over  2_35 -9.07 0.000 -1.361, -0.8 13266 -1. 13
B
G

 
1

  
0 

  
6 

 
61 

 
.768 

are 
round 2_35 2.12 0.034 0.019, 0.503 13238 0.2 13

C 1 4 0 0 3 13 .377 over  3_45 -17.9 0.000 -2.566, -2.06 14011 -2.3 14
B
G

 
1

 
9 

 
0 

 
1 

 
1 

 
16 

 
.100 

are 
round 3_45 11.1 0.000 1.250, 1.78 13897 1.5 15

C 1 0 0 6 3 .512 over 4_5 -43.1 0.000 -7.886, -7.200 19871 -7.54 19
B
G

 
1

 
6 

 
0 

  
5 

 
3 

 
.986 

are 
round 4_5 37.9 0.000 6.452, 7.155 19545 6.80 19

 
 
381_144 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

C I  0 3 49 .271 over  SO2 1.69 0.090 -0.071, 0.969 16484 0.4 24
B
G

 
I

 
 

 
0 

 
5 

 
0 

 
70 

 
.988 

are 
round SO2 -4.29 0.000 -1.706, -0.63 16563 -1.1 24

C 1 7 0 5 3 .031 over _25 25.2 0.000 6.377, 7.450 16319 6.91 25
B
G

 
1

 
8 

 
0 , -6.896 

 
4 

 
0 

 
.841 

are 
round _25 -26.3 0.000

 
-8.004 16567 -7.45 25

C 1  0 6 2 .687 over  2_35 2.66 0.008 0.142, 0.943 12322 0.54 18
B
G

 
1

 
 

 
0 

 
 

 
6 

 
1 

 
.474 

are 
round 2_35 -6.25 0.000 -1.748, -0.914 12380 -1.33 19

C 1 2 0 86 7 735 .278 over 3_45 -2.2 0.026 -1.384, -0.0 20968 -0. 30
B
G

 
1

 
 

 
0 

 
 

 
2 

 
69 

 
.790 

are 
round 3_45 0.20 0.840 -0.591, 0.728 20998 0.0 30

C 1 6 0 96 1 42 .466 over 4_5 -22.3 0.000 -10.487, -8.7 26944 -9.6 39
B
G

 
1

 
2 

 
0 

 
54 

 
9 

 
02 

 
.737 

are 
round 4_5 21.4 0.000 8.451, 10.1 26832 9.3 39
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381_146 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

C I 8 0 4 6 18 .772 over  SO2 -1.3 0.170 -0.769, 0.13 10033 -0.3 18
B
G

 
I

 
6 

 
0 

 
8 

 
7 

 
429 

 
.832 

are 
round SO2 -1.7 0.078 -0.906, 0.04 10099 -0. 19

C 1  0 2 24 .697 over  _25 2.20 0.028 0.047, 0.802 8380 0.4 15
B
G

 
1

 
3 

 
0 

 
44 

 
2 

 
152 

 
.968 

are 
round _25 -5.5 0.000 -1.560, -0.7 8469 -1. 16

C 1 2 0  740 .260 over 2_35 -8.7 0.000 -2.131, -1.349 85866 -1. 16
B
G

 
1

 
 

 
0 

  
 

 
65 

 
.358 

are 
round 2_35 4.53 0.000 0.548, 1.383 85936 0.9 17

C 1  0 69 2 0 .825 over 3_45 -1.19 0.230 -0.689, 0.1 72093 -0.26 17
Bare 
Ground 

 
13_45 

 
-2.27 

 
0.0230 -0.976, -0.072 

 
774613 

 
-0.524 

 
18.796 

 

C 1 7 0  9 08 .721 over 4_5 -13.7 0.000 -4.578, -3.437 12397 -4.0 23
B
Ground 

 
14_5 11.31 0.0000 , 3.960 123158 3.375 24.321 

are    
2.790

   

In photo 380_18, Recode 1_25 had the lowest absolute dif
lso performed relatively well, and actually had lower mean differences for Cover 
nd Bare Ground.  The only apparent difference was that ISO2 slightly underes-

timated Cover and Recode 1_25 slightly stimated Cover.  The null hypothe-
s  acc  for e Gr si n p 1_1 ecod  
resulted in e lowe  absolute difference, although Recode 12_35 and ISO2 also 
p ed r ely   Th hy s a  for Cover and 
Bare Groun ISO  for  fo _45

T 0 su riz tot  o iff s fo ur 
g for each reco ted dy lth ecode 12_35 was the 
top perform r for only one of the four photographs in Study Site #1, it did perform 
relatively w  ea otog an wa p o per  
for based on the -
t .  T co oupe y nd M e/Dune Edge/Litter/ 
S  in ove gor ro a lass  th  
Ground category.  Recode 1_25 and ISO2 also performed well, with Recode 1_25 
being the to form n two  fo aph tudy 1.   
12_35 slightly underestimated Cover in three of the four photographs. 

ference, although ISO2 
a
a

overe
is was epted  Bar ound u ng ISO2.  I hoto 38 46, R e 1_25

th st
erform elativ  well. e null pothesis wa ccepted  both 

d for 2, and  Cover r Recode 13 . 

able 1 mma es the al sum f absolute d erence r all fo photo-
raphs de tes for Stu  Site #1.  A ough R

e
ell for ch ph raph, d therefore s the to verall former

Study Site #1, 
ographs

 lowest sum of absolute differences for all four pho
his re de gr d Hone Mesquite a esquit

hadow the C r cate y and g uped all rem ining c es into e Bare

p per er i  of the ur photogr s for S  Site # Recode

 



54 ERDC/CERL TR-03-26 

Table 10.  Total sum of absolute differences for all four photographs for each recode tested for 
Study Site #1. 

Category Recode 380_18 381_144 381_146 381_158 TOTALS 
Cover ISO2 123514 164843 100336 141003 529696 
Bare Ground ISO2 123511 165630 100997 140716 530854 
Cover 1_25 120637 163195 83802 175986 543620 
Bare Ground 1_25 122212 165674 84692 177742 550320 
Cover 12_35 132662 123226 85866 164568 506322 
Bare Ground 12_35 132386 123806 85936 164338 506466 
Cover 13_45 140113 209687 720932 151545 1222277 
Bare Ground 13_45 138971 209982 774613 150816 1274382 
Cover 14_5 198716 269441 123979 158866 751002 
Bare Ground 14_5 195455 268329 123158 157418 744360 
 
TOTALS 

 
 

 
1428177 

 
1863813 

 
1 

 
9

 
99 228431 15829 8 71592

Study Site #2 - Otero ass

The same fou odes ve-c sup  c ati well as a 
two-class unsupervised classification were ev luated fo  Study Site #2.  Field re-
connaissance was also ted tem iden pec t species 
or plant communities ssociated each of the five unsupervised spectral 
classes.  Stu te #  dom  by telo acil  grama), 

uhlenbergia arenicola (sand mu ly), Panicum obtusum (vine mesquite), Scler-
 brevi (bu ), oro ry us (sand dropseed) 

grassland communities ranging between 40 and 60 percent cover.  The remain-
ing vegetative cover was predominantly utierrez  sarothrae (snakeweed), 

 elata (soaptree yucca) and  po th ), a ixture of 
a lu ing Sal ola australus (Russian thistle) and Amaranthus palmeri 
(sarelessweed) ranging between 20 and 30 p ov  a ately 25 
percent bare ground, on average.  owever, i the five spec-
tral classes identified did not corre to a cifi t sp ut rather 
depicted a gradient of a rial cover in decreas-
ing order moving from y # gh or e le, C y #1 con-
sistently corresponded to dense grass or 
tently corresponded to bare ground.  Therefore, the same five recodes of spectral 
categories were evaluated for all four ph te #2.  Table 11 
presents the inferential and descriptive 

Mesa Gr lands 

r rec  of a fi lass un ervised lassific on, as 
a r

conduc in an at pt to tify s ific plan
a with 

dy Si 2 was inated  Bou ua gr is (blue
M  h
opogon folius rrograss and Sp bolus c ptandr

G ia
Yucca Croton ttsii (lea erweed nd a m

nnuals, inc d s
ercent c er, with pproxim

H t was determined that 
spond ny spe c plan ecies, b

e , crown density, and canopy closure 
Categor 1 throu #5.  F xamp ategor

shrub cover, while Category #5 consis-

otographs in Study Si
statistics for these four photographs. 

 

 



ERDC/CERL TR-03-26 55 

Table 11.  Descriptive and inferential statistics of difference image (estimated [demixing] minus 
reference) for two land-cover categories for photos 386_122, 386_124, 386_16, and 386_18, 
Study Sit  #2 using ISO2 and four recodes. e  

 
386_122 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 2.65 0.0082 0.195, 1.309 139829 0.752 24.853 
Bare 
Ground 

 
ISO2 

 
-4.43 

 
0.0000 

 
-1.871, -0.722 

 
140485 

 
-1.296 

 
25.604 

Cover  1_25 39.59 0.0000 6.598, 7.285 88269 6.942 15.329 
Bare 
Ground 

 
1_25 

 
-42.35 

 
0.0000 

 
-7.867, -7.171 

 
91078 

 
-7.519 

 
15.524 

Cover  12_35 18.58 0.0000 4.517, 5.582 136845 5.049 23.755 
Bare        
Ground 12_35 -20.68 0.0000 -6.178, -5.108 138441 -5.643 23.857 
Cover 13_45 -16.71 0.0000 -5.802, -4.584 148745 -5.193 27.166 
Bare 
Ground 

 
13_45 

 
14.94 

 
0.0000 

 
4.032, 5.250 

 
148075 

 
4.641 

 
27.156 

Cover 14_5 -51.91 0.0000 -17.504, -16230 148128 -16.867 28.410 
Bare 
Ground 

 
14_5 

 
51.00 

 
0.0000 

 
15.793, 17.056 

 
145325 

 
16.425 

 
28.155 

 
 
386_124 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 11.65 0.0000 3.655, 5.134 180242 4.394 32.733 
Bare 
Ground 

 
ISO2 

 
-13.21 

 
0.0000 

 
-5.734, -4.251 

 
180807 

 
-4.992 

 
32.810 

Cover  1_25 0 4, 17.043 804 8 0 61.74 0.000 15.99 150 16.51 23.22
Bare 
Ground 

 
1_25 

 
-63.40 

 
0.0000 

-17
16.

.677, -
616 

 
154533 

 
-17.146 

 
23.474 

Cover  12_35 37.64 0.0000 12.998, 14.426 190318 13.712 31.622 
Bare 
Ground 

 
12_35 

 
-39.25 

 
0.0000 

 
12.998, 14.426 5 

 
192460 

 
-14.35

 
31.742 

Cover 13_45 2.83 0.0047 0.323, 1.781 172912 1.052 32.270 
Bare 
Ground 

 
13_45 

 
-4.31 

 
0.0000 

 
-2.334, -0.875 

 
172800 

 
-1.604 

 
32.306 

Cover 14_5 -30.92 0.0000 -8.293, -7.304 109984 -7.798 21.892 
Bare 
Ground 

 
14_5 

 
28.88 

 
0.0000 

 
6.752, 7.736 

 
107589 

 
7.244 

 
21.771 
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386_16 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover ISO2 -0.96 0.3400 -1.571, 0.539 118109 -0.516 35.221 
Bare 
Ground 

 
 ISO2

 
0.29 

 
0.7700 

 
-0.922, 1.245 

 
118082 

 
0.161 

 
36.176 

Cover  1_25  -6.40 0.0000 -2.277, -1.209 43283 -1.743 17.832 
Bare 
Ground 

 
 1_25

 
4.24 

 
0.0000 

 
0.629, 1.710 

 
44953 

 
1.169 

 
18.039 

Cover  12_35 1.58 0.1100 -0.189, 1.772 102510 0.792 32.722 
Bare 
Ground 

 
 12_35

 
-2.60 

 
0.0092 

 
-2.289, -0.323 

 
103029 

 
-1.306 

 
32.819 

Cover  13_45  
2.282 

 -23.02 0.0000 -14.570, -
1

140913 -13.426 38.177 

Bare 
Ground 

 
13_45  

 
22.21 

 
0.0000 

 
11.786, 14.070

 
140048 

 
12.928 

 
38.107 

Cover  14_5 0.97 .0000 2.052, - 2669 -11.334 3.953 -3 0 -1
10.616 

7 2

Bare 
Ground 

 
14_5 

 
29.89 

 
0.0000 

 
10.114, 11.534 

 
71019 

 
10.824 

 
23.705 

 
 
386_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 .71 .2300 .116, 1.727 28851 .806 3.306 1 0 -0 1 0 3
Bare 
Ground 

 
ISO2  

 
-2.86 

 
0.0450 

 
-2.268, -0.423

 
129090 

 
-1.346 

 
33.341 

Cover 1_25 6.06 .0000 .179, 6.022 1296 .60 5.234 2 0 5 5 5 1
Bare    

0.0000  
 
-6.518, -5.662 

 
52929 

 
-6.090 

 
Ground 1_25 -27.90 15.470 
Cover  12_35 1.49 .0000 .932, 5.551 12754 .741 9.263 1 0 3 1 4 2
Bare    

0.0000 
 
-6.158, -4.533 

   
Ground  12_35 -12.90 113696 -5.346 29.378 
Cover  13_45 .07 .0000 .643, -2.827 27216 .735 2.825 -8 0 -4 1 -3 3
Bare        
Ground 13_45  6.92 0.0000 2.290, 4.103 126797 3.197 32.764 
Cover  14_5 9.38 .0000 .864, -6.880 9585 .372 7.787 -2 0 -7 5 -7 1
Bare        
Ground 14_5 27.9 0.0000 6.412, 7.382 57880 6.897 17.527 

Unlike Study Site #1, where different recodes performed best for different photo-
graphs, Recode 1_25 had the lowest absolute difference for photos 386_122 
(179347), 386_16 (88236), and 386_18 (104225), and had the second lowest abso-
lute difference for photo 386_124 (305337), where Recode 14_5 had the lowest 
absolute difference.  In general, mean differences and standard deviations of 
mean differences were considerably higher than for Study Site #1.  The null hy-

 



ERDC/CERL TR-03-26 57 

pothesis was rejected for all recode combinations for photos 386_122 and 
86_124.  The null hypothesis was accepted for Cover and Bare Ground using 
O2 and r Cover using Recode 12_35 in photo 386_16, as well as for Cover us-

2 i 38

12 s mmariz  the tot l sum of absolute differences for all four photo-
 for  reco sted ud  Rec 5 w enti  

Site 
r a togr r C 4 re d (5 . 

  To of a iff gra ach
or St  #2.

ry 
 

ode
 

6_12
 

6_
 

6 
 

 S 

3
IS fo
ing ISO n photo 6_18. 

Table 
graphs

u es a
 each de te  for St y Site #2. ode 1_2 as id fied as

the best pe
ences fo

rformer for Study #2 based on the lowest sum of absolute differ-
ll pho aphs fo over (5 3620) and Ba  Groun 50320)

 
Table 12. tal sum bsolute d erences for all four photo phs for e  recode 
tested f udy Site  

 
Catego

 
Rec  38 2 38 124 386_1 386_18 TOTAL

       
Cover ISO2 139829 1802 118109 128851 67031 42 5
Bare Groun

ISO2 140485 180807 118082 129090 568464 
d       

       
2 Cover 1_25 88269 150804 43283 51296 33365

Bare Ground       
1_25 91078 154533 44953 52929 343493 

     
102510 

 
112754 

 
7 Cover 12_35 136845 190318 54242

Bare Ground 
5   9 6 6 

  
138441

  
10302

  
12_3 192460 11369 54762

  
13_45 

 
148745 

 
172912 

 
14091Cover 3 6 6 

 
12721

 
58978

Bare Ground 
8 7 0 

      
13_45 148075 172800 14004 12679 58772

 
Cover 

      
14_5 148128 109984 72669 59585 390366 

Bare Ground 
    3 

 
14_5 

 
145325

 
107589

 
71019

 
57880

 
38181

 
TOTALS 5 4 78 

 
 

 
1325220 

 
1612449 

 
95461

 
96009

 
48523

Study Site #3 - Controlled Burn ro Foo

T e fie  reconna  an i n o otographs 
in Study Site #3.  Study Site #3 was a mixed shrubland/grassland site.  Domi-

ant shrubs were Larrea tridentata (creosote bush), Florencia cernua (American 
tarbush), and Prosopis glandulosa (honey mesquite), which typically accounted 

Area/Ote  Mesa thills 

he sam ld issance d analys s were co ducted f r four ph

n
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for approximately 50 percent of the total cover.  Grass cover ranged from 25 to 50 
percent and was dominated by Sclerapogon brevifolius (burrograss), but also in-

Table 13 summarizes the results from Study Site #3.  Recode 14_5 was clearly 

cluded Muhlenbergia porteri (bush muhly), Bouteloua eriopoda (black grama), 
Hilaria mutica (tobosagrass), and Panicum halli (Hall’s panicgrass).  Bare 
ground was typically 25 to 30 percent.  Similar to Study Site #2, it was deter-
mined that the spectral categories represented a gradient of decreasing vegeta-
tion density and crown cover moving from Categories 1 thru 5.  For example, 
Category #1 was usually associated with a dense mixture of shrubs and grasses 
with complete canopy cover.  Increasing category values were associated with 
decreasing plant density and canopy closure.  Category #5 was associated with 
bare ground. 

the best performer for all four photographs based on the lowest absolute differ-
ence for each photograph.  The null hypothesis was rejected for all recodes for all 
photographs evaluated.  In general, mean differences between estimated and 
reference cover were slightly higher than Study Site #1, but lower than Study 
Site #2.  Recode 14_5 slightly underestimated cover and slightly overestimated 
bare ground for all four photographs.  Table 14 summarizes the total sum of ab-
solute differences for all photographs for Study Site #3, confirming that recode 
14_5 was the best performer for Study Site #3. 

 
Table 13.  Descriptive and inferential statistics of difference image (estimated [demixing] minus 
reference) for two land-cover categories for photos 388_45, 388_47, 388_88, and 388_90, Study 
Site #3 using ISO2 and four recodes. 

 
388_45 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -7.01 0.0000 -2.302, -1.296 246550 -1.799 27.410 
Bare        

32 Ground ISO2 4.22 0.0029 0.581, 1.589 246306 1.085 27.4
Cover  1_25 27.28 0.0000 5.440, 6.283 209003 5.861 22.939 
Bare   
Ground _25 0.26 

 
.0000 

 
-6.979, -6.130 

 
12144 

 
.554 

 
23.128 1 -3 0 2 -6

Cover  12_35 10.88 0.0000 2 , 3.417 40 .374 259318 2.895 28.
Bare 
Ground 2_35 3.61 .0000 

 
-4.152, -3.106 60613 .629 28.482 

      
1 -1 0 2 -3

Cover  13_45 -12.48 0.0000 -  3.275, -2.386 211676 -2.830 24.204
Bare 
Ground 3_45 .26 .0000 

 
1.653, 2.540 10519 .097 24.165 

      
1 9 0 2 2

Cover  14_5 -25.29 0.0000 -  3.437, -2.942 110184 -3.190 13.466
Bare 
Ground 

 
14_5 

 
20.23 

 
0.0000 

 
2.281, 2.770 

 
107777 

 
2.525 

 
13.326 
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388_47 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -14.93 0.0000 -3.895, -2.991 268068 -3.443 26.111 
Bare 
Ground 

 
ISO2 

 
11.56 

 
0.0000 

 
2.216, 3.121 

 
267693 

 
2.668 

 
26.137 

Cover  1_25 25.90 0.0000 5.110, 5.946 241420 5.528 24.169 
Bare 
Ground 

 
1_25 

 
-28.70 

 
0.0000 

 
-6.597, -5.753 

 
245018 

 
-6.175 

 
24.371 

Cover  12_35 9.02 0.0000 1.658, 2.579 273912 2.119 26.601 
Bare 
Ground 

 
12_35 

 
-12.31 

 
0.0000 

 
-3.366, -2.441 

 
276189 

 
2.903 

 
26.709 

Cover  13_45 -7.56 0.0000 -2.046, -1.203 242798 -1.624 24.350 
Bare      
Ground 13_45 3.88 0.0046 0.411, 1.254 242833 

 
0.833 

 
24.326 

Cover  14_5 -33.01 0.0000 -5.541, -4.920 168701 -5.230 17.943 
Bare 
Ground 

 
14_5 

 
29.11 

 
0.0000 

 
4.264, 4.880 

 
165536 

 
4.572 

 
17.788 

 

 
 
388_88 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -14.93 0.0000 -3.895, -2.991 168920 -3.443 26.111 
Bare 
Ground 

 
ISO2 

 
11.56 

 
0.0000 

 
2.216, 3.121 

 
169166 

 
2.668 

 
26.137 

Cover  1_25 20.40 0.0000 4.761, 5.774 146619 5.268 23.442 
Bare 
Ground 

 
1_25 

 
-21.64 

 
0.0000 

 
-6.341, -5.288 

 
148918 

 
-5.815 

 
24.392 

Cover  12_35 14.73 0.0000 4.097, 5.355 195069 4.726 29.127 
Bare 
Ground 

 
12_35 

 
-16.76  

 
0.0000 

 
-6.028, -4.765 

 
196749 

 
-5.396 

 
29.233 

Cover 13_45 -13.01 0.0000 -4.208, -3.106 163202 -3.657 25.512 
Bare 
Ground 

 
13_45 

 
10.37 

 
0.0000 

 
2.422, 3.552 

 
162842 

 
2.987 

 
26.152 

Cover  14_5 -13.88 0.0000 -2.799, -2.106 90035 -2.453 16.040 
Bare 
Ground 

 
14_5 

 
10.5 

 
0.0000 

 
1.497, 2.185 

 
88538 

 
1.841 

 
15.916 
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388_90 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -5.89 0.0001 -2.734, -1.369 127168 -2.051 26.944 
Bare 
Ground 

 
ISO2 

 
3.83 

 
0.0092 

 
0.651, 2.018 

 
127168 

 
1.335 

 
27.022 

Cover  1_25 15.90 0.0000 3.758, 4.816 94535 4.287 20.748 
Bare 
Ground 

 
1_25 

 
-16.86 

 
0.0000 

 
-5.403, -4.278 

 
95991 

 
-4.841 

 
22.089  

Cover  12_35 5.15 0.0005 1.098, 2.446 126412 1.722 26.448 
Bare 
Ground 

 
12_35 

 
-7.22 

 
0.0000 

 
-3.169, -1.815 

 
127148 

 
-2.492 

 
26.553 

Cover  13_45 -6.17 0.0000 -2.360, -1.222 102826 -1.791 22.332 
Bare 
Ground 

 
13_45 

 
3.73 

 
0.0002 

 
0.535, 1.723 

 
102599 

 
1.129 

 
23.292 

Cover  14_5 -18.47 0.0000 -3.725, -3.010 59396 -3.367 14.022 
Bare 
Ground 

 
14_5 

 
14.88 

 
0.0000 

 
2.332, 3.040 

 
58097 

 
2.686 

 
13.880 

 
Table 14.  Sums of absolute differences for all four photographs for each recode 
tested for Study Site #3. 

 
Category 

 
Recode 

 
388_45 

 
388_47 

 
388_88 

 
388_90 

 
TOTALS 

Cover ISO2 246550 268068 168920 127168 810706 
Bare 
Ground 

 
ISO2 

 
246306 

 
267693 

 
169166 

 
127168 

 
810333 

Cover 1_25 209003 241420 146619 94535 691577 
Bare 
Ground 

 
1_25 

 
212144 

 
245018 

 
148918 

 
95991 

 
702071 

Cover 12_35 259318 273912 195069 126412 854711 
Bare 
Ground 

 
12_35 

 
260613 

 
276189 

 
196749 

 
127148 

 
860699 

Cover 13_45 211676 242798 163202 102826 720502 
Bare 
Ground 

 
13_45 

 
210519 

 
242833 

 
162842 

 
102599 

 
718793 

Cover 14_5 110184 168701 90035 59396 428316 
Bare 
Ground 

 
14_5 

 
107777 

 
165536 

 
88538 

 
58097 

 
419948 

 
TOTALS 

 
 

 
2074090 

 
2392168 

 
1530058 

 
1021340 

 
7017656 
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Spatial Extrapolation 

In addition to photo-by-photo demixing analysis, a demixing model was also de-
veloped by sampling three of the four photographs for each site, as described in 
the methodology.  The three photographs for each site were randomly selected.  
The demixing model was then tested by attempting to demix a subset of the TM 
image that matched the footprint of the fourth photograph.  Demixing results 
from this subset were then compared with reference groundcover estimates for 
the fourth photograph in the same manner as individual photographs were 
evaluated.  Based on evaluations of demixing performance for individual photo-
graphs, only the two best performing recodes for each site were tested for ex-
trapolating results from three photographs to a fourth location. 

For Study Site #1, photos 380_18, 381_144, and 381_146 were sampled to de-
velop a single demixing model.  A subset of a TM image matching the footprint of 
a fourth photograph, 381_158, was then demixed using this model to estimate 
abundance of vegetative cover and bare ground in the area of photo 381_158.  
Recode 12_35 and a two-class unsupervised classification (ISO2), which were 
identified as the top performing recodes for Study Site #1 based on analysis of 
individual photographs, were evaluated.  Results for these two recodes are sum-
marized in Table 15.  Both recodes were comparable in performance, and tended 
to overestimate cover by approximately 5 to 7 percent and underestimate bare 
ground by approximately 6 to 8 percent.  ISO2 resulted in a slightly lower sum of 
absolute differences than recode 12_35.  This may be due in part to the fact that 
ISO2 was the top performer for photo 381_158 when analyzed as an individual 
photograph.  The null hypothesis was rejected for both land-cover categories for 
both recodes. 

 
Table 15.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
demixing] minus reference) for two land-cover categories for photo 381_158 for Study Site #1 
using recode 12_35 and ISO2. 

 
Site 1 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  12_35 50.83 0.0000 6.951, 7.509 136271 7.230 14.609 
Bare 
G

       
5 round 12_35 54.28 0.0000 -8.441, -7.853 140436 -8.147 15.41

Cover  ISO2 39.78 0.0000 5.251, 5.796  128530 5.524 14.260 
Bare 
Ground 

 
ISO2 

 
-46.07 

 
0.0000 

 
-6.684, -6.138 

 
131882 

 
-6.411 

 
14.289 
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Figures 12 and 13 contrast images of the reference abundance, the estimated 
abundance derived directly from samples of photo 381_158 only, and the extrapo-
lated estimates of abundance for the same area derived from sampling the other 
three photographs in Study Site #1.  Using recode 12_35, extrapolated estimates 
of demixing actually appear more similar to reference images than demixing es-
timates derived directly from photo 381_158.  Single-photo estimates appeared to 
overestimate cover and bare ground in the lower left quadrant of the image, 
while the extrapolated estimates appeared similar to the reference images for 
this same area.  Using ISO2, the opposite appeared to be true.  Extrapolated es-
timates appeared to overestimate abundance of cover and bare ground, while 
single-photo estimates appeared similar to reference images. 
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Figure 12.  Demixing results for two land-cover categories for photo 381-158 using recode 12_35. 
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Figure 13.  Demixing results for two land-cover categories for photo 381-158 using ISO2. 
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For Study Site #2, photos 386_122, 386_16, and 386_18 were extrapolated to 
photo 386_124.  Recodes 14_5 and 1_25, identified as the best performers for 
Study Site #2, were evaluated.  Results for these two recodes are summarized in 
T
much lower sum of absolute differences for both land-cover classes, even though 
ecode 1_25 was identified as the top performer when all four individual photo-

graphs were evaluated.  Recode 14_5 was the second best performing recode for 
individual photo analysis, and actually was the top performing recode for photo 
386_124, which may explain why the sum of absolute differences was considera-
bly lower for recode 14_5 when the demixing model was extrapolated to this 
photo location.  Recode 14_5 underestimated cover and overestimated bare 
ground by approximately 9 percent, while recode 1_25 overestimated cover and 
underestimated bare ground by approximately 8 percent.  The null hypothesis 
was rejected for both land-cover categories for both recodes.  The variance in 
mean difference was considerably higher for Study Site #2 than Study Site #1. 

Images of reference abundance, estimated abundance derived directly from sam-
ples of photo 386_124 only, and extrapolated estimates of abundance for the 
same area derived from sampling the other three photographs in Study Site #2 
are contrasted in Figures 14 and 15.  Visual inspection of results from both re-
codes indicated that recode 14_5 appeared to perform better, both in terms of 
single-photo and extrapolated estimates matching reference images more closely 
and single-photo and extrapolated estimates matching each other.  The sum of 
absolute differences also confirmed that recode 14_5 performed best for Study 
Site #2. 

Table 16.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
demixing] minus reference) for two land-cover categories for photo 386_124 for Study Site #2 
using recode 14_5 and 1_25. 

able 16.  Recode 14_5 appeared to perform better than recode 1_25 based on a 

r

 
Site 2 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  14_5 -31.69 0.0000 -10.010, -8.843 116691 -9.427 25.825 
Bare 
Ground 

 
14_5 

 
29.74 

 
0.0000 

 
8.438, 9.629 

 
115037 

 
9.034 

 
26.370 

Cover  1_25 21.23 0.0000 7.555, 9.092 196351 8.324 34.037 
Bare 
Ground 

 
1_25 

 
-22.36 

 
0.0000 

 
-9.755, -8.182 

 
199598 

 
-8.969 

 
34.816 

 

 

 



66 ERDC/CERL TR-03-26 

 
Figure 14.  Demixing results for two land-cover categories for photo 386-124 using recode 1_25. 
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Figure 15.  Demixing results for two land-cover categories for photo 386-124 using recode 14_5. 

 

For Study Site #3, photos 388_45, 388_47, and 388_88 were used to extrapolate 
estimates to 388_90.  Recodes 14_5 and 1_25, identified as the best performers 
for Study Site #3, were evaluated.  These results are summarized in Table 17. 
Recode 14_5 appeared to perform better than recode 1_25, based on a con-
siderably lower sum of absolute differences and mean difference.  Although the 
null hypothesis was rejected for both land-cover classes for both recodes, recode 
14_5 overestimated cover and underestimated bare ground by only 3 percent on 
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average.  This mean difference was considerably lower than all other mean 
differences resulting from spatial extrapolation at the other study sites. 

Table 17.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
demixing] minus reference) for two land-cover categories for photo 388_90 for Study Site #3 
using recodes 14_5 and 1_25. 

 
Site 3 Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  14_5 17.61 0.0000 2.773, 3.468 57533 3.136 13.585 
Bare 
Ground 

 
14_5 

 
-18.31 

 
0.0000 

 
-3.978, -3.208 

 
57613 

 
-3.594 

 
13.445 

Cover  1_25 49.79 0.0000 16.696, 18.065 149085 17.407 26.820 
Bare     
Ground 1_25 -50.02 0.0000 -18.856, -17.433 

 
152026 

 
-18.153 

 
26.994 

Images of reference abundance, estimated abundance derived directly from sam-
ples of photo 388_90 only, and extrapolated estimates of abundance for the same 
area derived from sampling the other three photographs in Study Site #3 are 
contrasted in Figures 16 and 17.  Similar to Study Site #2, visual inspection of 
results for the two recodes tested indicated that recode 14_5 appeared to perform 
best.  There was more similarity in patterns for single-photo and extrapolated 
results for recode 14_5.  The sum of absolute differences also indicated that re-
code 14_5 was clearly the top performer. 
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Figure 16.  Demixing results for two land-cover categories for photo 388-90 using recode 1_25. 
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Figure 17.  Demixing results for two land-cover categories for photo 388-90 using recode 14_5. 

Spectral Index Correlation Analysis 

Co  well as 
six ploratory regression analysis.  
The indices and individual TM bands were evaluated as independent variables 

nd correlated with reference measurements of vegetation cover or abundance.  
The linear relationship between each independent variable and each reference 

rrelations between nine spectral brightness and greenness indices, as
 individual TM bands, were evaluated using ex

a
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abundance amount were evaluated based on R2 values, or C
mination.  All possible correlations between indices/TM spe
tional land-cover percent co

oefficients of Deter-
ctral bands and frac-

ver values were evaluated for each photograph for all 
three study sites.  Appendix B contains a summary of the adjusted R2 for all cor-
r

s or Vegetation Indices exhib ery lo relations with reference 
 cover amounts in all photographs, as expected based on previous lit-

and the unique limitations of the application of vegetation indices in arid 
ments.  In some isolated photographs, individual TM bands, particularly 

een 3 (red), exhibite  corr  with vegetative abun-
eve  the two spectral brightness indices, Albedo and Tasseled 

- s Br ess (KT
ons with refer nce cover mounts for ost photographs in all three study sites. 

herefore, only these two brightness indices were evaluated for their utility for 
stimating vegetative cover.  The regression formula describing the relationship 

between each of the brightness indices and r s 
he s l 

nt stima  each over onent within that pixel.  
timate over then c ed w ference fractional land-
es in the same manner as spectral demixing. 

ss Results 

 38 from Study Site #1 as an example, Figure 18 shows esti-
nd erive m cor  ana sing albedo and corre-

sponding reference images of abundance for five land-cover classes.  Similar to 
example output from demixing analysis, brighter pixels represent higher percent 

rding to the reference image, the circular area 
in the upper left corner of the image had a large amount of land-cover Category 

elations. 

Greennes ited v w cor
vegetation
erature 
environ
Bands 2 (gr ) and d some elation
dance.  How r, only
Cap or Kauth Thoma ightn B) consistently exhibited strong correla-
ti e  a m

T
e

eference vegetation cover amount
brightness indices to derive a frac-was then applied to each pixel in t pectra

tional perce cover e te for  land-c comp
These es s of c were ompar ith re
cover valu

Five-cla

Using photo 1_158 
mates of abu ance d d fro relation lysis u

cover or abundance for that respective land-cover type.  Figure 19 shows similar 
estimates derived from Kauth-Thomas or Tassled Cap Brightness. 

Relative to visual examination of demixing estimates of abundance, spatial 
patterns of estimated abundance derived from correlation analysis using both 
Albedo and KTB appeared to correspond well with reference images.  Both 
indices clearly delineated a road or trail running across the lower left or south-
west corner of the image.  Two areas of relatively high cover were evident in the 
reference image.  The first was a circular area in the upper left or northwest 
corner of the image and the second was a somewhat linear feature originating in 
approximately the center of the image and extending to the southeast on the 
right half of the photograph.  Acco
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#1 (Mesquite) and Category #2 (Mesquite/Dune Edge/Shadow/Litter), with 
slightly smaller amount of Category #3 (Interdunal) and almost no presence of 
land-cover Categories #4 (Interdunal) and #5 (Bare Ground).  Estimates of cover 
derived from both Albedo and KTB correlations for this same area indicate 
higher amounts of cover in land-cover Categories #1 through 3, but also show a 
higher amount of cover for land-cover Category #4.  The linear feature of high 
cover appeared to be predominantly land-cover Category #1 (Mesquite) in the 
reference images, yet this same feature appears to have relatively high abun-
dance of land-cover Categories #1 through 4 in the estimated cover images.  The 
estimated cover images also did not clearly depict the relatively high abundance 
of land-cover Categories #2 and #3, which was evident in the reference images in 
the southwest or lower left quadrant of the image. 

-
peared quite similar to each other for each of the la  ca es.  Images 
a d sim r lan r 1 h 4 h in ual 
index.  Ho ination of  
of these four land-cover categories revealed that estimates were similar but dif-
ferent.  Visual examination of gray-scale images can sometimes be misleading 
because the histogram from which gr or s are assigned to pixels 
is y on istogr  t ive cover category.  For ex-
a el w he hi t co  fo sing -cover cate-
gory will be assigned the brightest pixel value for that respective land-cover 
ategory.  That same pixel may also have the highest cover amount for a differ-

en cover cate and erefor ould be a th htest pixel 
v at lan r cat  abu  am for 
t cular lan er ca y m  di  tha actu un-
dance amount in the first land-cover category. 

T trics  to eva e de ys udin lts from sta-
tistical analysis, were also u ev ctr x co ion sis.  
T  sta  devi  of e ance images were com-
pared to the mean and standard deviation of estimated abundance derived from 

Images of estimated abundance derived from Albedo and KTB correlations ap
nd-cover tegori

lso appeare ilar fo d-cove Categories # throug for eac divid
wever, exam  abundance values for individual pixels in each

ay-scale col  value
 based solel the h am for hat respect  land-
mple, the pix ith t ghes ver amount r any le land

c
t land- gory,  th e w ssigned e brig

alue for th d-cove egory as well, yet the actual ndance ount 
hat parti d-cov tegor ay be quite fferent n the al ab

he same me used luat mixing anal is, incl g resu
sed to aluate spe al inde rrelat analy

he mean and ndard ation the referenc abund

Albedo and KTB correlations.  Table 18 contains these results for photo 381_158. 
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Figure 18.  Albedo correlation results for five land-cover categories for photo 
381_158 (left column is the albedo-derived estimate of abundance for each 
category, right column is the reference abundance for each category). 
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Figure 19.  KTB correlation results for five land-cover categories for photo 381_158 
(left column is the KTB-derived estimate of abundance for each category, right 
column is the reference abundance for each category). 
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Table 18.  Mean and standard deviation of abundance for five land-cover 
categories for photo 381_158, Study Site #1; estimated (spectral index 
correlations) versus reference. 

 
KTB 

 
ESTIMATED 

 
REFERENCE 

Category Mean SD Mean SD 
mesquite (1) 24.171 4.064 24.307 7.530 
mesquite/ 
dune edge/ 
shadow/ 
litter (2) 

11.340 2.117 11.482 4.192 

interdunal (3) 13.262 2.651 13.393 5.488 
interdunal (4) 24.704 0.192 24.403 8.255 
bare ground (5) 26.658 8.964 26.412 12.927 
 
Totals 

 
100.135 

 
 

 
99.997 

 
 

 
 

ALBEDO 
 

ESTIMATED 
 

REFERENCE 
Category Mean SD Mean SD 
mesquite (1) 24.156 3.712 24.307 7.530 
mesquite/ 
dune edge/ 
shadow/ 
litter (2) 

11.302 2.241 11.482 4.192 

interdunal (3) 13.279 2.977 13.393 5.488 
interdunal (4) 24.669 0.006 24.403 8.255 
bare ground (5) 26.245 8.881 26.412 12.927 
 
Totals 

 
99.651 

 
 

 
99.997 

 
 

Unlike demixing, where estimates of abundance were constrained to be less than 
or equal to 100 percent, estimates derived from correlation analysis were not 
subjected to the same constraints.  Therefore, the sum of the estimated abun-
dance of cover for all bands did not always equal 100 percent.  However, in all 
cases, even without constraints, the sum of the estimated abundance for all land-
cover types did equal approximately 100 percent.  Using a five-class breakout, 
estimates derived from Albedo and KTB correlations were very similar to refer-
ence cover amounts.  Standard deviations of the mean estimates of abundance 
were also lower than standard deviations of abundance in reference images, and 
were also considerably lower than standard deviations resulting from demixing 
estimates of cover. 
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The same statistics that were used to compare demixing estimates of abundance 
with reference abundance amounts were also used to compare estimates derived 
from Albedo and KTB correlations with reference abundance amounts.  This in-
cluded a paired Students T-test statistic (t-value), probability value (P), and a 
95% confidence interval for mean difference.  These statistics were used to 
evaluate the null hypothesis that the mean difference between the estimated 
percent cover derived from Albedo and KTB correlations and the reference per-
cent cover values derived from air photo classifications were equal to zero at al-
pha = .05 or 95% confidence.  These statistics, along with the mean difference 
and the sum of absolute differences for all pixels, are summarized in Table 19 for 
photo 381_158 for five land-cover classes. 

Table 19.  Descriptive and inferential statistics of difference image (estimated [spectral index 
correlations] minus reference) for five land-cover categories for photo 381_158, Study Site #1. 

KTB t-value P CI abs. diff. Mean SD 
mesquite (1) -2.77 0.0058 -1.363, -0.232 50487 -0.798 6.366 
mesquite/ 
dune edge/ 
shadow/ 
litter (2) 

-1.01 0.32   -0.533, 0.172 27260 -0.180 3.969 

interdunal (3) 0.55 0.59 -0.332, 0.587 37638 0 .128 5.173 
interdunal (4) 3.03 0.0026 0.401, 1.883 69396 1.142 8.336 
bare ground (5) -0.29 0.77 -1.009, 0.748 80807 -0.131 9.885 

 
Albedo t-value P CI abs. diff. Mean SD 

mesquite (1) -2.84 0.0047 -1.461, -0.266 52080 -0.863 6.726 
mesquite/ 
dune edge/ 
shadow/ 
litter (2) 

-1.14 0.26 -0.537, 0.143 26558 -0.197 3.825 

interdunal (3) 0.89 0.38 -0.241, 0.637 36131 0.198 4.939 
interdunal (4) 2.88 0.0041 0.343, 1.815 69333 1.079 8.282 
bare ground (5) -1.28 0.20 -1.369, 0.287 80221 -0.541 9.316 

The null hypothesis was accepted for land-cover Category #2 (Mesquite/Dune 
E  
fo  
ranged from -0.798 to 1.142 for KTB-derived estimates to -0.863 to 1.079 for 

lbedo-derived estimates.  KTB estimates performed best for land-cover Cate-
were 

7260 and 37638, respectively.  Albedo estimates also performed best for these 
 on the lowest sum of absolute differences.  

dge/Shadow/Litter), Category #3 (Interdunal), and Category #5 (Bare Ground)
r estimates derived from both Albedo and KTB correlations.  Mean differences

A
gories #2 and #3, based on the lowest sum of absolute differences, which 
2
two land-cover categories based
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Albedo estimates for land-cover Category #2 were the best overall, with
lute difference of 26558.  However, neither KTB nor Albedo corre
rately es

 an abso-
lations accu-

timated abundance of land-cover Categories #5, as evident by the 
relatively higher sum of absolute differences and the mean difference for this 
category. 

 Resu

lthough estimat s of abundance for five -cover classes derived from Albedo 
TB correlations were much better t ima s derived from demixing 

r five land-cover classes, there were still some problem areas evident in the 
visual examination of the five-class results.  Therefore, the same 3-class break-
out used to evaluate dem also used to evaluate spectral index correla-

igures 20 and 21 contrast the results of Albedo and KTB estimates of 
with ce imag f abun for t and-cover categories: 
quite gory #1 terdunal Cover (Category #2), and Bare 

gory

Spatial patterns of estimated abundance oney 
e-

ces.  Both indices correctly estimated a high abundance of honey mesquite in the 
upper left corner imag and along linear p  the center of the im-
a ndic so cl e d  lowe orner of the 
i d-c Category #3. h  fail en

 am ts of un 2) in the lower left quad-
ant of the image.  This pattern is clearly identifiable in land-cover Categories #2 

and #3 in t e reference images, but is not evident in the 
c s, w e ex n o ted of ba nd

Table 20 lists the mean and stand  of anc th the refer-
ence images and estimates derived from both Albedo and KTB correlations.  

d in estimates of 30 percent cover of honey mesquite, which 
agreed with reference amounts.  Both indices resulted in estimates of interdunal 
cov ference amounts.  Estimates of 
bare ground were only 1 percent higher than reference amounts, at approxi-

Three-class lts 

A e land
and K han est te
fo

ixing was 
tions.  F
abundance referen es o dance hree l
Honey Mes  (Cate ), In
Ground (Cate  #3). 

of land-cover Categories #1 (H
Mesquite) and #3 (Bare Ground) were quite similar to patterns in the corr
sponding reference images for estimates derived from both Albedo and KTB indi-

 of the e  a attern in
ge.  Both i es al early d lineated a roa in the r left c
mage for lan over  However, bot indices ed to id tify a pat-

te
r

rn of higher oun  Interd al Cover (Category #

h corresponding estimated 
over image ith th ceptio f a small isola  area re grou . 

ard deviation  abund e for bo

Both indices resulte

er at 26 percent, which again agreed with re

mately 43 percent.  Similar to the five land-cover class breakout, standard devia-
tions resulting from brightness index correlations were much lower than demix-
ing estimates. 
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Table 21 summarizes the statistical results for the three-class breakout.  The 
null hypothesis was accepted for land-cover Category #1 (Honey Mesquite) and 
land-cover Category #2 (Interdunal Cover) for Albedo-derived estimates, but 
rejected for all other land-cover categories using both Albedo- and KTB-derived 
estimates.  In general, estimates derived from both indices slightly under-
estimated honey mesquite and interdunal cover and slightly overestimated bare 
ground.  The smallest sum of absolute difference and mean difference occurred 
for honey mesquite, while the largest sum of absolute difference and mean 
difference occurred for bare ground. 

-class breakouts were evaluated for all photo-
graphs at e ch of the three study sites.  Although correlation analysis results 
were more promising than demixing, five-class and three-class recodes were 

ted furth nalysis a relation analysis was limited to estimat-
ver v are d by analyzing only those classifications and recodes 
ining nd- categor A three-class 

ut w  inv ted fur cause of the problems associated with 
ying niq d-cove s in the reference aerial photograph. 

The same five-class and three
a

elimina  from er a nd cor
ing co ersus b  groun
conta  two la cover ies (Cover and Bare Ground).  
breako as not estiga ther be
identif  three u ue lan r classe
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Figure 20.  Albedo correlation results for th  cover categories for photo 381_158 

lum e albe ved  o ce fo g t c s 
the reference abundance for each category). 

ree land
(left co n is th do-deri estimate f abundan r each cate ory, righ olumn i
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Figure 21 orre esult ree categ or pho 15

, right column is the 
ce nce f cate

 

 

.  KTB c lation r s for th
abunda

 land cover ories f to 381_ 8 (left 
column is the
referen

 KTB-deri
abunda

ved estimate of 
or each 

nce for each category
gory). 
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Table 20.  Mean and standard deviation of abundance for three land-cover categories 
f 8, Study te #1; estimated (sp tral index correlations) versus
r . 
or photo 381_15  Si ec  
eference

 
KTB 

 
ESTIMA ED T

 
REFERENCE 

C Mea SD ategory n SD Mean 
m  (1) 30.3 8esquite  54 4.966 30.590 .162 
i nal (2 26.0 26.594 9.653 nterdu ) 98 4.576 
b nd 43.3 1are grou (3) 04 9.569 42.818 2.879 
 
T

 
99.7 100.002 

 
 otals 56 

 
 

 

 
 
ALBEDO 

 
ESTIMA ED T

 
REFERENCE 

C Mea SD ategory n SD Mean 
m  (1) 30.5 8esquite  31 4.60 30.590 .162 
i nal (2 26.4 26.594 9.653 nterdu ) 73 5.127 
b nd 44.1 1are grou (3) 60 9.783 42.818 2.879 
 
Totals 

 
101.

  
100.002 

 
164  

T e and ial tistics o fference imag d [s  ind
c ns]  refere r thr -co  for 81_15  S
able 21.  D scriptive  inferent sta f di e (estimate pectral ex 
orrelatio  minus nce) fo ee land ver categories  photo 3 8, Study ite #1. 

 
KTB 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

mesquite (1 -3.94 0001 352 120 -0.235 137) 0.  -0. 5, -0.1182 5 9 3 6. 2 
interdunal (2) -5.85 0.0000 -0.662  -0.3295 67410 -0.495 8.708   0, 8 2
bare ground 5.81 .0000 225 7034 0.4866 .594 (3) 0  0.3 , 0.6507 2  8 5 

 
 

Albedo 
 

t-value 
 

P 
 

CI 
 

abs. diff. 
 

Mean 
 

SD 
mesquite (1 35 180 263 412) -0.94 0. -0. 8, 0.0640 5 6 -0.0584 6. 7 
interdunal (2) -1.50 3, 0.037 65302 -0.1211 0.13 -0.279 1 8.2851 
bare ground (3 17.08 0 3, 1.496 55 1.3424 ) 0.000 1.188 5 676 8.0706 

Two-class Results 

Study Site #1 - Coppice Dunes Maneuver Areas 

The same five recodes of land-cover categories into cover and bare ground cate-
gories that were used to evaluate demixing results were also used to evaluate 
results of correlation analysis.  Table 22 presents the mean percentage or abun-
dance of cover resulting from each of the different recodes and the two-class un-
supervised classification using both Albedo- and KTB-derived indices for photo 
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381_158.  The mean percentage or abundance of bare ground is not included in 
e table, but is equal to 100 percent minus the cover percent.  Similar to the 

d g sults, th  estima s of co
amounts.  tion at derive rom Albedo ons ho e-
r om  corr s a o v   H er, un em
e tes, here the  cover estimates was ignificant  higher n 
t an nd in refer im nce mate ed
spectral index correlation was actually he ce fo  th
erence images. 

T   Me stand iatio ver r ph
3 8, Study Site #1 us g ISO2 an  four recodes:  estimated (s tral 
in rela ersu nce.

th
emixin re e te ver are very similar to the reference 

In addi , estim es d f correlati  and t se d
ived fr  KTB elation re als ery similar. owev like d ixing 
stima
he vari

 w  variance in  s ly  tha
ce fou  the ence ages, varia in esti s deriv  from 

lower than t  varian und in e ref-

able 22. an and ard dev n of co  abundance fo oto 
81_15
dex cor

in d pec
tions) v s refere  

 
KTB 

 
ESTIMATED 

 
REFERENCE 

R an SD ecode Mean SD Me  
I 8 .48SO2 37.35 6.819 38 0 9.751 
1 4.171 24.30 7.530 _25 2 4.064 7 
1 4 .77 9.152_35 35.00 6.214 35 6 8 
13_45 48.881 8.799 49.178 11.874 
14_5 73.342 8.964 73.588 12.927 

 
 
ALBEDO 

 
EST D IMATE

 
REFERENCE 

R  ecode Mean SD Mean SD 
ISO2 38.171 0 6.668 38.48 9.751 
1_2 6 7 7.530 5 24.15 3.712 24.30
1 7  5.77 9.158 2_35 35.86 5.967 3 6 
1  .17 11.873_45 48.30 8.950 49 8 4 
14_ 8 12.925 73.755 8.881 73.58 7 

T 3 s rizes esc  a ial s cs th pa
sults for these five breakouts for photo 381_158.  The null hypothesis was re-
j r a ible  co tio B-d  estim of  
w e e ion o  gro sin _25 ever, es 
12_35, and ISO2 all appeared to estimate abundance of cover and bare ground 
with some degree of accuracy, a cat lat ow me fer
and absolute differences.  Recode 1_25 appeared to be the best performer, with 
absolute differences of 50487 (Cover) and 50457 (Bare Ground), although abso-
lute differences for recode 12_35 and ISO2 were comparable. 

The same three recodes, 1_25, 12_35, and ISO2, were also the best performers 
for Albedo-derived estimates.  Using Albedo, the null hypothesis was accepted 
for cover using recode 12_35, for both cover and bare ground using recode 14_5, 

able 2 umma  the d riptive nd inferent tatisti at com re re-

ected fo ll poss  recode mbina ns using KT erived ates cover,
ith th xcept f bare und u g recode 1 .  How  recod 1_25, 

s indi ed by the re ively l an dif ences 
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and for bare ground using recode 1_25.  Again, recode 1_25 appeared to be the 
est performer, with absolute differences of 52080 (Cover) and 52055 (Bare 

Ground), yet results from recodes 12_35 and ISO2 were comparable.  Estimates 
of abundance derived from each of the brightness r t thr e-
c esu n me iffere nd e in  that  cl  
z str ddled zer   This w uld ind
cover Category #1 (H  Me  a com ion w d  
Category # esqui ne E ha to a d 
grouped th  remainin  land-co er categ ries to bare ground should provide rea-
s es es of dan f bo  round g r 
b ess  for p  381_

T e s we luat  th l p raphs ud  
# pic es M ver ) a ma in Ta .   
K photo 381_146 were similar, with recode 1_25 performing the 
b  in d b lut re 88 th co nd  
g   T ll hy sis cce code for b ove
B rou d also.  Again, recode 12_35 and ISO2 also performed well, bas d on 
th lat ow su bso iffe
 

b

se indices fo hese ee r
odes r lted i an d nces a  confidenc tervals  were ose to
ero or a o. o icate that any recode that grouped land-

oney squite) lone or in binat ith lan -cover
2 (M te/Du dge/S dow/Litter)  single cover class, an
e g v o

onable timat  abun ce o th cover and bare g  usin eithe
rightn  index hoto 158. 

he sam recode re eva ed for ree additiona hotog  for St y Site
1 (Cop e Dun aneu Areas nd are sum rized ble 24 Using
TB, results for 
est, as dicate y abso e diffe nces of 303 for bo ver a  bare
round. he nu pothe was a pted for re  1_25 oth C r and 
are G
eir re

n  e
ively l m of a lute d rences. 

Table 23.  Descriptive and inferential statistics of difference image (estimated [spectral index 
correlations] minus reference) for two land-cover categories for photo 381_158, Study Site #1 
using ISO2 and four recodes. 

 
KTB 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -17.54 0.0000 -1.2503, -
0.9989 

56175 -1.1246 6.5839 

Bare 
Ground 

ISO2 17.54 0.0000 0.9989, 
1.2503 

56175 1.1246 6.5839 

Cover  1_25 -2.31 0.021 -0.2531, -
0.0209 

50487 -0.1370 6.0792 

Bare 
Ground 

1_25 0.62 0.53 -0.0791, 
0.1531 

50457 0.0370 6.0792 

Cover  12_35 -12.47 0.0000 -0.8963, -
0.6528 

53886 -0.7746 6.3761 

Bare 
Ground 

12_35 12.47 0.0000 0.6528, 
0.8963 

53886 0.7746 6.3761 

Cover  13_45 -3.99 0.0001 -0.4469, -
0.1524 

63653 -0.2996   7.7110 

Bare 
Ground 

13_45 3.99 0.0001 0.1524, 
0.4469 

63653 0.2996 7.7110 

Cover  14_5 -2.64 0.0083 -0.4312, -
0.0635 

80807 -0.2474 9.6285 

Bare 
Ground 

14_5 2.64 0.0083 0.0635, 
0.4312 

80807 0.2474 9.6285 
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Albedo 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -4.81 0.0000 -0.4380, -
0.1842 

55031 -0.3111 6.6481 

Bare ISO
Ground 

2 4.81 0.0000 0.1842, 
0.4380 

55031 0.3111 1 6.648

Cover  1_25 0. -0.2735
0.0316

80 -0.1526 -2.47 013 , - 520
 

6.3335 

Bare 1_25 1.18 0.24 -0.0484, 
0.1935

52055 0.0726 6.3335 
Ground  
Cover  35 1.40 0.16 -0.0358, 

0.2140
53849 0.0891 6.5415 12_

 
Bare 12_35 3.31 0.0009 0.0860, 

0.3358
53925 0.2109 6.5415 

Ground  
Cover 13_45 -12.27 0.0000 -1.0207, -

0.7394
61395 -0.8800 7.3670 

 
Bare 13_45 12.27 0.0000 0.7394, 

1.0207
61395 0.8800 7.3670 

Ground  
Cover  5 1.82 0.068 -0.0124, 

0.3465
80221 0.1670 9.3992 14_

 
Bare 14_5 -1.82 0.068 -0.3465, 

0.0124
80221 -0.1670 9.3992 

Ground  

 
T scriptive a ntial s f diffe ge (e  [spect
correlations] minus reference) for two land-cover categories for photos 380_18, 381_144, and 
3 dy Site #1 2 and des. 

able 24.  De nd infere tatistics o rence ima stimated ral index 

81_146, Stu  using ISO  four reco

KTB 
380_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover ISO2 -51.12 0.0000 -3.872, -3.586 84354 -3.728 8.132 
Bare 
Ground ISO2 

 
51.12 

 
0.0000 3.586, 3.872 

 
84354 

 
3.728 8.132 

   

Cover  1_25 0 -4.486 87 -4.3-59.47 .0000 , -4.200 627 43 8.141 
Bare 
Ground 

 
5 

 
0.000

 
4.5995, 4.885

 
900

 
4.743 

 
8.141 1_2

 
64.95 0 8 38 

Cover  12_35 0 508 82 -3.3-46.38 .0001 -3. ,  -3.223 301 66 8.088 
Bare 
Ground 

 
12_35 

  
0

 
.223,

 
82

 
3.3

 
46.38 .0000 3  3.508 301 66 8.088 

Cover  13_45 -24.32 0.092 -2.207, -1.878 88002 -2.042 9.363 
Bare 
Ground 

 
13_45 24.32 

 
0.0000 1.878, 2.207 

 
88002 

 
2.042 9.363 

   

Cover  14_5 0 13 3.2 8 27.05 .0000 3.015, 3.486 1512 51 13.39
Bare  
Ground 14_5 

 
 

 
0

 
-3.486

 
13

 
-3.2

 
.398 -27.05 .0000 , -3.015 1512 51 13
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Albedo 
380_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -41.65 0.000 -3.398,  -3.092 85824 -3.245 8.686 
Bare 
Ground 

 
ISO2 

 
40.36 

 
0.0002 

 
2.992, 3.297 

 
85447 

 
3.145 

 
8.686 

Cover  1_25 -70.54 0.0000 -5.679, -5.371 98268 -5.525 8.732 
Bare 
Ground 

 
1_25 

 
71.82 

 
0.0000 

 
5.471, 5.779 

 
98912 

 
5.625 

 
8.732 

Cover  12_35 -53.38 0.0000 -4.303,  -3.999 89665 -4.1510 8.668 
Bare 
Ground 

 
12_35 

 
52.09, 

 
0.0000 

 
3.899, 4.203 

 
89190 

 
4.0510 

 
8.667 

Cover  13_45 -32.69 0.01 -2.973, -2.637 90366 -2.805 9.566 
Bare 
Ground 

 
13_45 

 
32.69 

 
0.011 

 
2.637, 2.973 

 
90366 

 
2.805 

 
9.566 

Cover  14_5 31.88 0.0001 3.479, 3.935 126964 3.707 12.964 
Bare 
Ground 

 
14_5 

 
-31.88 

 
0.0002 

 
-3.935, -3.479 

 
126964 

 
-3.707 

 
12.964 

 
KTB 
381_144 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -34.81 0.000 -4.449, -3.975 77499 -4.212 11.069 
Bare 
Ground 

 
ISO

 
34

 
0.000 

 
3.975, 4.449 

 
7 69 2 .81 7499 

 
4.212 

 
11.0

Cover  1_2 -3 0.0 - 85 4.44 00 4.339, -3.872 2958 -4.106 10.905 
Bare  
Ground 1_2

 
36

 
0.0

 
4

 
85 .12 00 .072, 4.539 3406 

 
4.306 

 
10.905 

Cover  12_ -3 0.0 - 735 3.55 00 3.970, -3.532 1385 -3.751 10.227 
Bare 
Ground 12

 
_

 
33

 
0.0

 
3

 
735 .55 00 .532, 3.970 1385 

 
3.751 

 
10.227 

Cover  13_ -2 0.0 - 145 3.26 00 4.061, -3.429 01743 -3.745 14.731 
Bare  
Ground 13_

 
23

 
0.0

 
3

 
145 .26 00 .429, 4.061 

  
01743 3.745 14.731 

Cover  14_ -1 0.0 - 15 7.68 00 4.355, -3.486 47726 -3.921 20.289 
Bare 
Ground 

 
14_5 

 
17.68 

 
0.000 

 
3.486, 4.355 

 
147726 

 
3.921 

 
20.289 
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Albedo 
381_144 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO -2 0.0 -3. 732 4.23 00 136, -2.666 058 -2.901 10.951 
Bare 
Ground IS

 
O

 
24

 
0.0

 
2.6

 
732 .23 00 66, 3.136 058 

 
2.901 

 
10.951 

Cover  1_2 -3 0.0 -4. 815 4.74 00 355, -3.889 663 -4.122 10.855 
Bare  
Ground 1_2

 
35

 
0.0

 
3.9

 
815 .58 00 89, 4.455 886 

 
4.222 

 
10.855 

Cover  12_ -3 0.0 -4 7035 8.92 00 .549, -4.112 813 -4.331 10.178 
Bare 
Ground 12

 
_

 
38

 
0.0

 
4.1

 
7035 

  
.92 00 12, 4.549 813 4.331 10.178 

Cover  13_45 -24.25 0.000 -4.157, -3.535 98466 -3.846 14.510 
Bare 

d 
 
13_

 
24.25 

 
0.000 

 
3.535, 4.157 

 
98 66 

 
.846 

 
4.510 Groun 45 4 3 1

Cover  14_ -1 0.000 -4.098, -3.245 14 82 5 6.89 3054 -3.672 19.8
Bare 
Ground 14

 
_

 
16

 
0.0

 
3.2

 
145 .89 00 45, 4.098 3054 

 
3.672 

 
19.882 

 
KTB 
381_146 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO 4. 0.0 0.2 332 52 00 02, 0.510 884 0.355 6.404 
Bare  
Ground ISO

 
-3

 
0.0

 
-0

 
332 .25 01 .410, -0.102 858 

 
-0.255 

 
6.404 

Cover  1_2 -0 0.3 -0. 305 .90 7 202, 0.075 388 -0.064 5.746 
Bare 
Ground 

 
1_25 

 
0.90 

 
0.37 

 
-0.075, 0.202 

 
30388 

  
0.064 5.746 

Cover  12_ 8. 0.000 0.485, 0.786 33 2 35 30 084 0.635 6.24
Bare 
Ground 

 
35 

 
-3.07 

 
0.002

 
-0.386, -0.0

 
32912_

  
1 85 15 -0.235 6.242 

Cover  13_45 22 0.0 1.8 42.15 00 97, 2.266 213 2.081 7.659 
Bare 
Ground 

 
13_45 

 
-22.15 

 
0.000 

 
-2.266, -1.8

 
42297 12 

 
-2.081 

 
7.659 

Cover  14_5 55.18 0.000 6.879, 687 7.386 32 7.133 10.532 
Bare 
Ground 

 
14_

 
-5

 
0.0

 
-7

 
685 5.18 00 .386, -6.879 732 

 
-7.133 

 
10.532 
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Albedo 
381_146 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO 4. 0.0 0.2 332 52 00 02, 0.510 801 0.558 6.387 
Bare 
Ground IS

 
O

 
-3

 
0.0

 
-0

 
332 .25 012 .410, -0.102 757 

 
-0.458 

 
6.387 

Cover  1_2 -4 0.0 -0
0.1

305 .64 00 .4614, - 126 -0.324 5.70 
872 

Bare 
Ground 1_

 
2

 
-0

 
0.4

 
-0

 
305 .80 3 .1928, 0.0814 138 

 
-0.056 

 
5.70 

Cover  12_ 3. 0.0 0.0 3235 21 013 95, 0.395 719 0.245 6.223 
Bare  
Ground 12_35 

 
-4.52 

 
0.000 

 
-0.495, -0.195 

 
32751 -0.345 6.223 

  

Cover  13_45 29.72 0.000 2.574, 2.937 42826 2.754 7.557 
Bare  

13_
 
-2

 
0.000 

 
-2.937, -2.574 

 
42 7 Ground 45 9.72 826 

 
-2.754 

 
7.55

Cover  14_ 66 0.0 8.0 705 .65 00 23, 8.509 519 8.266 10.106 
Bare  

14_
 
-6

 
0.0

 
-8

 
70

  
Ground 5 6.65 00 .509, -8.023 519 -8.266 10.106 

However, reco 35 ared th me he ma
p  f y 1, as te wes of a te 
ences.  In photo 380_18 odes 1 O2 ly y h
absolute dif erences, an
using recode 13_45.  In photo 38 recode 12_5 and ISO2 performed rela
tively well compared to recode 12_35, but recode 13_45 had a considerably higher 
um of absolute difference.  The null hypothesis was rejected for all re-

code/category combinations in this photograph. 

Results for albedo for t emai three photographs dy  #1
similar.  Recode 1_25 was the top performer for photo 381_146 and
pothesis was accepted f r Bare Ground.  R
performer for photo 38 , wi 2 1_2  pe ng
F 0 O2  the t rfo ull hes  re
f ecode/c y c atio  ph 4 a _18

Table 25 show  tota  of te  for r p ap  
each recode tested for  Site using both Albedo- and KTB-derived esti-
mates.  Although recode 12_35 was not the top performer for each photograph 
and each index, it did perform relatively well for each photograph.  Recode 12_35 
also had the lowest sum of absolute differences for all photographs using KTB 
correlations for Cover (240656) and Bare Ground (240487).  Therefore, it was 

de 12_  appe  to be e top perfor r for t two re ining 
hotographs or Stud Site #  indica d by the lo t sum bsolu differ-

, rec 13_45, _25, and IS had on slightl igher 
f d the null hypothesis was accepted for the Cover category 

1_144, -

s

he r ning  for Stu  Site  were 
 the null hy-

or this recode fo ecode 1_25 was the top 
1_144 th ISO and recode 5 also rformi  well.  

or photo 38 _18, IS  was op pe rmer.  The n  hypot is was jected 
or all r ategor ombin ns for otos 381_14 nd 380 . 

s the l sum absolu differences all fou hotogr hs for
Study  #1, 
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c
Albedo correlations for
oncluded that recode 12_35 was the best overall performer for both KTB and 

y Site #1.  Again, both recode 1_25 and ISO2 also 
p ed rela e
 
T  s so r all hs  re te
S e #1. 

 

y 
 

380 4 8 tals

 Stud
erform tively w ll. 

able 25.  Total um of ab lute differences fo  four photograp  for each code tes d for 
tudy Sit
Recode_Index   
Categor _18 381_14 381_146 

 

381_15

 

To  
ISO2_KTB 

Cover 
84354 7  912.00 7499.00 33884.00 56175.00 251  

ISO2_KTB 

Bare Ground 
84354 7 0  86.00 7499.0 33858.00 56175.00 2518  

ISO2_ALB 85824.00 73058.00 33801.00 
Cover 

55031.00 247714 

ISO2_ALB 

Bare Ground 
85447.00 73058.00 33757.00 55031.00 247293 

1_25_KTB 87627.00 82958.00 30388.00 50487.00 251460 
Cover 
1_25_KTB 

Bare Ground 
90038.00 83406.00 30388.00 50457.00 254289 

1_25_ALB 

Cover 
98268.00 81663.00 30126.00 52080.00 262137 

1_25_ALB 98912.00 81886.00 30138.00 52055.00 262991 
Bare Ground 
12_35_KTB 

Bare Ground 
82301.00 71385.00 32915.00 53886.00 240487 

12_35_ALB 

Cover 
89665.00 70813.00 32719.00 53849.00 247046 

12_35_ALB 

Bare Ground 
89190.00 70813.00 32751.00 53925.00 246679 

13_45_KTB 

Cover 
88002.00 101743.00 42213.00 63653.00 295611 

13_45_KTB 

Bare Ground 
88002.00 101743.00 42212.00 63653.00 295610 

13_45_ALB 

Cover 
90366.00 98466.00 42826.00 61395.00 293053 

13_45_ALB 

Bare Ground 
90366.00 98466.00 42826.00 61395.00 293053 

14_5_KTB 

Cover 
131512.00 147726.00 68732.00 80807.00 428777 

14_5_KTB 

Bare Ground 
131512.00 147726.00 68732.00 80807.00 428777 

14_5_ALB 

Cover 
126964.00 143054.00 70519.00 80221.00 420758 

14_5_ALB 

Bare Ground 
126964.00 143054.00 70519.00 80221.00 420758 

Totals 1849668 1826016 803304 1161303 5640291 
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St dy Site #2 - Otero Mesa Grasslands u

T ur recodes of a five-class un  well as a 
two-class unsupervised classificat re evaluated using KTB and Albedo cor-
relations for Study Site #2.  Table 26 presents results for these four photographs.  
Using KTB co s 1 s h  performer for photos 
386_122, 386_16, and 386_18, and was e second best performer for photo 
3 he  f h  ll hypothesis was ac-
cepted for both Cover and Bare Ground using recode 12_35 and 1_25 in photo 
386_122 and for Cover and Bare Ground using ISO2 in photo 386_124.  In photo 
3  n th  d e ategory combinations, 
with the exception of re ode 13_4 , where P was only slightly below .05 (.048).  
In photo 386_18, the n ot a c  for ISO2 and recode 
12_35 for both Cover an  Bare G und, as using recode 
14_5.  Recode 14_5 sli e
Study Site #2.

 
Table 26.  Descriptive and inferential statistics of d erence image (estimated [spectral index 
correlations] minus reference) for t  386_124, 
3 and 386_ S g  e

he same fo supervised classification, as
ion we

rrelation , recode 4_5 wa  clearly t e best
th

86_124, w re recode 1_25 per ormed t e best. The nu

86_16, the ull hypo esis was accepte  for all r code/c
c 5
ull hyp hesis w s also a cepted
d ro  well as for Bare Ground 
ghtly ov restimated Cover in all four photographs for 

 

iff
wo land-c

ite #2 usin
over cat

 ISO2 and
egories for phot

four recod
os 386_122,

s. 86_16, 18, Study 

KTB 
386_122 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 17.22 0.000 3.874, 139 4.371 22.187  4.869 144
Bare Ground -17.22 0.000 -4 74 144139 -4.371 22.187 ISO2 .869, -3.8
Cover  1_25 -0.93 0.35 -0. 59 -0.153 14.365 476, 0.169 819
Bare Ground 5 -0.89 0.37 -0 76 82231 -0.147 14.365 1_2 .469, 0.1
Cover  12_35 0.25 0.80 -0 6 376 0.061 21.176 .414, 0.53 135
Bare Ground 12_35 .25 8 -0.536, 0.414 135376 -0.061 21.176 -0 0.
Cover  13_45 27.74 0.000 6.  471 7.251 22.851 738, 7.763 138
Bare Ground 13_45 7.74 000 -7 38 138471 -7.251 22.851 -2 0. .763, -6.7
Cover  . 36 2.878 10.681 14_5 23.56 0.000 2 639, 3.118 321
Bare Ground 14_5 9.46 000 -2 18, -2.139 32976 -2.378 10.681 -1 0. .6
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Albedo 
386_122 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 32.50 0.000 7.516, 8.481 142054 7.998 21.515 
Bare Ground ISO2 -32.50 0.000 -8.481, -7.516 142054 -7.998 21.515 
Cover  1_25 -3.96 0.0001 -0.956, -0.232 81264 -0.640 14.116 
Bare Ground 1_25 3.96 0.0001 0.323, 0.956 81264 0.640 14.116 
Cover  12_35 13.64 0.000 2.742, 3.663 133835 3.303 20.529 
Bare Ground 12_35 -13.64 0.000 -3.663, -2.742 133835 -3.203 20.529 
Cover  13_45 38.58 0.000 9.280, 10.274 137020 9.777 22.155 
Bare Ground 13_45 -38.58 0.000 -10.274, -9.280 137020 -9.777 22.155 
Cover  14_5 25.92 0.000 2.884, 3.356 33526 3.120 10.524 
Bare Ground 14_5 -23.42 0.000 -3.056, -2.584 33138 -2.820 10.524 

 
KTB 
386_124 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 0.01 1.00 -0.408, 0.412 108226 0.002 18.144 
Bare Ground ISO2 -0.01 1.00 -0.412, 0.408 108226 -0.02 18.144 
Cover  1_25 -5.70 0.000 -1.351, -0.660 83818 -1.005 15.296 
Bare Ground 1_25 3.43 0.0006 0.260, 0.951 84188 0.605 15.296 
Cover  12_35 -4.54 0.000 -1.473, -0.585 121917 -1.029 19.649 
Bare Ground 12_35 4.54 0.000 0.585, 1.473 121917 1.029 19.649 
Cover  13_45 39.21 0.000 6.757, 7.469 99704 7.113 15.746 
Bare Ground 45 0.000 -7.469, -6.757 997 13 6 13_ -39.21 04 -7.1 15.74
Cover  .027 69 9 5 14_5 2.21 0 0.045, 0.7 6600 0.068 8.70
Bare Ground  914_5 -2.21 0.027 -0.769, -0.045 6600 0.032 8.705 

 
Albedo 
386_124 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 -3.78 0.0002  1-1.179, -0.373 04479 -0.776 17.840 
Bare Ground ISO2 3.78 0.0002 10.373, 1.179 08333 0.776 17.840 
Cover  1_25 -1.63 0.10 -0.627, 0.058 83681 -0.284 15.141 
Bare Ground 1_25 3.35 0.0008  8 0.584 0.242, 0.927 3257 15.141 
Cover  12_35 0.0014 118844 19.418 -3.20 -1.154, -0.277 -0.715 
Bare Ground  3.20 4 0.277, 1.154 1 0.715  12_35 0.001 18844 19.418
Cover  13_45 8.27 0.000 1.106, 1.794 87426 1.450 15.216 
Bare Ground 13_45 -8.27 0.000 -1.794, -1.106 87426 -1.450 15.216 
Cover  14_5 -15.48 0.000 -2.987, -2.315 90528 -0.152 8.713 
Bare Ground 14_5 15.48 0.000 2.315, 2.987 90528 0.052 8.713 
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KTB 
386_16 

 
Recode 

 
t-value 

 
P 

 
CI 

 
a iff. bs. d

 
Mean 

 
SD 

Cover  ISO2 0.83 0.41 -0.348, 0.856 66997 0.254 20.096 
Bare Ground ISO2 -0.83 0.41 -0.856, 0.348 66997 -0.254 20.096 
Cover  1_25 -0.56 0.58 -0.450, 0.251 3 11.703 0844 -0.099 
Bare Ground 1_25 0.56 0.58 -0.251, 0.450 3 11.703 0844 0.099 
Cover  12_35 -1.10 0.27 -0.843, 0.238 57477 -0.303 18.034 
Bare Ground 12_35 1.10 0.27 -0.238, 0.843 57477 0.303 18.034 
Cover  13_45 1.97 0.048 0.004, 1.245 71560 0.625 20.711 
Bare Ground 13_45 -1.97 0.048 -1.245, -0.004 71560 -0.625 20.711 
Cover  14_5 0.52 0.61 -0.192, 0.329 26814 0.068 8.705 
Bare Ground 14_5 0.24 0.81 26919 8.705 -0.229, 0.292 0.032 

 
Albedo 
386_16 

 
Recode 

 
t-value 

 
P 

 
CI 

 
a iff. bs. d

 
Mean 

 
SD 

Cover  ISO2 0.20 0.84 -0.544, 0.668 66669 0.062 20.214 
Bare Ground ISO2 -0.20 0.84 -0.668, 0.544 66669 -0.062 20.214 
Cover  1_25 0.72 0.47 -0.221, 0.479 31393 0.129 11.675 
Bare Ground 1_25 -0.72 0.47 -0.479, 0.221 31393 -0.129 11.675 
Cover  12_35 -3.00 0.0027 5-1.381, -0.290 7414 -0.836 18.205 
Bare Ground 12_35 3.00 0.0027 50.290, 1.381 7414 0.836 18.205 
Cover  13_45 3.97 0.0001 70.636, 1.877 1217 1.257 20.708 
Bare Ground 13_45 -3.97 0.0001 7-1.877, -0.636 1217 -1.257 20.708 
Cover  14_5 -1.14 0.25 -0.413, 0.109 27142 -0.152 8.713 
Bare Ground 14_5 0.39 0.70 -0.209, 0.313 27033 0.052 8.713 

 
KTB 
386_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
abs. diff. 

 
Mean 

 
SD 

Cover  ISO2 0.04 1 0.014 0.97 -0.683, 0.712 06594 25.223 
Bare Ground ISO2 -0.04 0.97 -0.712, 0.683 106594 -0.014 25.223 
Cover  1_25 -2.14 0.032 -0.673, -0.029 36958 -0.351 11.634 
Bare Ground 1_25 2.14 0.032 0.029, 0.673 36958 0.351 11.634 
Cover  12_35 -1.73 0.083 -1.250, 0.077 97823 -0.587 23.997 
Bare Ground 12_35 1.73 0.083 9-0.077, 1.250 7823 0.587 23.997 
Cover  13_45 -2.43 0.015 9-1.432, -0.154 7285 -0.793 23.10 
Bare Ground 13_45 2.43 0.015 90.154, 1.432 7285 0.793 23.10 
Cover  14_5 4.88 0.000 0.305, 0.714 24244 0.510 7.398 
Bare Ground 14_5 -1.05 0.29 -0.314, 0.095 24775 -0.110 7.398 
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Albedo 
386_18 

 
Recode 

 
t-value 

 
P 

 
CI 

 
a iff. bs. d

 
Mean 

 
SD 

Cover  ISO2 0.87 0.38 -0.385, 1.00 105982 0.307 25.029 
Bare Ground ISO2 -0.97 0.38 -1.00, 0.385 1 -0.307 05982 25.029 
Cover  1_25 2 3-2.95 0.003 -0.798, -0.160 6829 -0.479 11.523 
Bare Ground 1_25 2.95 0.0032 30.160, 0.798 6829 0.479 11.523 
Cover  12_35 -0.56 0.58 -0.845, 0.470 9 -0.188 7570 23.770 
Bare Ground 12_35 1.75 0.080 9-0.070, 1.245 7237 0.588 23.770 
Cover  13_45 0.32 0.75 -0.531, 0.739 96462 0.104 22.963 
Bare Ground 13_45 -0.32 0.75 -0.739, 0.531 96462 -0.104 22.963 
Cover  14_5 0.68 0.50 -0.133, 0.275 24657 0.071 7.369 
Bare Ground 14_5 -0.68 0.50 -0.275 24657 -0.071 7.369 

 

Results for Albedo-derived estimates were e same as KT rive ma in 
terms of the top performing recod ac h.  T  h es
rejected for all recode/c mbinatio o 386 n  on
cepted for Cover using de 1 r null hy-
pothesis was a ed for several es in both photos 38 nd 386_18

T m es otal of a eren  a r p
graphs for both KTB- lbed rive  for c st
S 2.  Recode 14_5 was identifie st pe r ud
#2 using KTB correlations, based on the lo  abs if s 
photographs.  The same recode was also 

lbedo. 

 

 th B-de d esti tes 
e for e h photograp he null ypoth is was 

ategory co ns for phot _122 a d was ly ac-
 reco _25 in photo 386_124.  Howeve , the 

ccept  recod 6_16 a . 

able 27 su mariz the t sum bsolute diff ces for ll fou hoto-
and A o-de d estimates each re ode te ed for 

tudy Site # d as the be rforme for St y Site 
west sum of olute d ference for all 
identified as the best performer using 

A
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Table 27.  Total s m of abso te differen es for all four photographs f
e de test d . 

Index 

Category 2 24 tals 

u lu c or 
ach reco ed for Stu y Site #2

Recode_  

386_12

 

386_1

 

386_16 

  

386_18 To

ISO2_KTB 

.00 .00 0 

  

5956Cover 

 

144139

 

108226

 

66997.0 106594.00 42  

ISO2_KTB 

00 .00  5956Bare Ground 

 

144139.

 

108226

 

66997.00

  

106594.00 42  

ISO2_ALB 

00 9.00  Cover 

 

142054.

 

10447

 

66669.00

  

105982.00 419184 

ISO2_ALB 

.00 .00 0 3038Bare Ground 

 

142054

 

108333

 

66669.0

  

105982.00 42  

1_25_KTB 

Cover 

 

81959.00 

 

83818.00 

 

30844.00 

 

36958.00 

 

233579 

1_25_KTB 

round 

     

234221 Bare G 82231.00 84188.00 30844.00 36958.00 

1_25_ALB 

.00 00 31393.00 

 

33167Cover 

 

 81264

 

83681.

  

36829.00 2  

1_25_ALB 

Bare Ground 00 83257.00  

 

81264.

  

31393.00

  

36829.00 232743 

12_35_KTB 

Cover 

 

135376.00 7.00 0 

 

12191

 

57477.0

  

97823.00 412593 

12_35_KTB 

und 00 .00 0 2593Bare Gro

 

135376.

 

121917

 

57477.0

  

97823.00 41  

12_35_ALB 

Cover 

 

.00 .00 

 

 7663133835

 

118844 57414.00

  

97570.00 40  

12_35_ALB 

Bare Ground 133835.00 

 

118844.00 57414.00 

 

97237.00 

 

407330 

  

13_45_KTB 

Cover 

 

138471.00 

 

99704.00 

   

407020 71560.00 97285.00 

13_45_KTB 

und 138471.00 .00 71560.00 

 

Bare Gro

  

99704

  

97285.00 407020 

13_45_ALB 

.00 

 

.00 .00 

  

92125Cover 

 

137020 87426

 

71217 96462.00 3  

13_45_ALB 

Bare Ground 

 

00 87426.00 

 

0 2125137020.

 

71217.0

  

96462.00 39  

14_5_KTB 

Cover 

 

0 96600.00 

 

0 32136.0

 

26814.0

  

24244.00 179794 

14_5_KTB 

Bare Ground 

 

32976.00 

   

96600.00 

 

26919.00 24775.00 181270 

14_5_ALB 

Cover 

 

33526.00 

 

90528.00 

 

27142.00 

 

24657.00 

 

175853 

14_5_ALB 

Bare Ground 

 

33138.00 

 

90528.00 

 

27033.00 

 

24657.00 

 

175356 

 

Totals 

 

2120284 

 

1994246 

 

1015050 

 

1449006 

 

6578586 
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Study Site #3 - Controlled Burn Area/Otero Mesa Foothills 

The same two- class break . Bare Ground) were evaluated for all 
four photographs for Study Site #3 and are summarized in Table 28.  Unlike 
Study Sites #1 a h n  p  be ifferent pho-
tographs, recode 14_5 was clearly the best performer in all four photographs for 
both KTB and Albedo correlations.  Us estimates, the null hy-
p as ac nd und using rec _35 in photo 
388_45 and using ISO2 in photo 388_90.  The null hypothesis was accepted for 
s ode/c m s h 47 8_88.  Simi-
larly, using Albedo-derived estimates, the null hypothesis was rejected for all 
r gory io to 388_45 and 388_88.  However, the null 
hypothesis was accepted for several recode/category combinations in photos 
388_47 and 388_90.  Table 29 lists the total sum of absolute differences for both 
K bedo correlations for all four photographs for Study Site #3.  Again, 
recode 14_5 was clearly identified as th te #3 based 
o est su o en o 890) and Bare Ground 
(293475) using Albedo-derived estimates of abundance. 

 
T cripti e cs ce tim ral index 
correlations] minus reference) for two land-cover categories for photos 388_45, 388_47, 388_88, 
a tudy g ISO2 and four

outs (Cover vs

nd #2, w ere differe t recodes erformed st for d

ing KTB-derived 
othesis w cepted for Cover a Bare Gro ode 12

everal rec ategory co bination in both p otos 388_ and 38

ecode/cate combinat ns in pho

TB and Al
e top performer for Study Si

n the low m of abs lute differ ces for C ver (293

able 28.  Des ve and infer ntial statisti  of differen  image (es ated [spect

nd 388_90, S Site #3 usin  recodes. 

KTB 
388_45 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  ISO2 2.02 0.044 0.008, 0.575 139115 0.291 15.433 
Bare Ground IS 0  -0. 139 .291 15.433 O2 -2. 2 0.044 -0.575, 008 115 -0
Cover  1_25 -4.22 0.000 -0.819, -0.299 130347 -0.559 14.140 
Bare Ground 1_ 6 5 .71 130 459 14.140 25 3.4  0.000 0.199, 0 9 389 0.
Cover 12_35 -0.48 0.63 -0.377, 0.229 152435 -0.074 16.516 
Bare Ground 12 48 0.3 152 074 16.516 _35 0.  0.63 -0.229, 77 435 0.
Cover  13_45 -9.89 0.000 -1.545, -1.034 125907 -1.289 13.918 
Bare Ground 13 89  .54 125 289 13.918 _45 9.  0.000 1.034, 1 5 907 1.
Cover  14_5 -6.90 0.000 -0.7718, -0.4301 78954 -0.601 9.306 
Bare Ground 14 .90  0.7718 789 601 9.306 _5 6  0.000 0.4301, 54 0.
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Albedo 
388_45 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  ISO2 5.09 0.000 0.435, 0.99 132712 0.707 14.845 
Bare Ground ISO2 -5.09 0.000 -0.980, -0.435 132712 -0.707 14.845 
Cover  1_25 -7.30 0.000 -1.187, -0.684 125525 -0.935 13.676 
Bare Ground 1_25 3.40 0.0007 0.184, 0.687 125675 0.435 13.676 
Cover  12_35 1.91 0.0056 -0.007,0.575 145154 0.284 15.861 
Bare Ground 12_35 -2.58 0.0098 -0.675, -0.093 145123 -0.384 15.861 
Cover  13_45 -6.93 0.000 -1.120, -0.626 119872 -0.873 13.448 
Bare Ground 13_45 6.93 0.000 0.626, 1.120 119872 0.873 13.448 
Cover  14_5 -2.17 0.030 -0.3590, -0.0180 77954 -0.1885 9.285 
Bare Ground 14_5 4.47 0.000 0.2180, 0.5590 78163 0.3885 9.285 

 
KTB 
388_47 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  ISO2 0.65 0.51 -0.162,0.323 142690 0.081 14.011 
Bare Ground ISO2 -0.65 0.51 -0.323, 0.162 142690 -0.081 14.011 
Cover 1_25 -1.25 0.21 -0.374, 0.083 138124 -0.146 13.219 
Bare Ground 1_25 1.25 0.21 -0.083, 0.374 138124 0.146 13.219 
Cover  12_35 -1.71 0.088 -0.481, 0.033 154796 -0.224 14.843 
Bare Ground 12_35 0.26 0.80 -0.223, 0.291 154821 0.034 14.843 
Cover  13_45 1.23 0.22 -0.091, 0.400 142103 0.154 14.174 
Bare Ground 13_45 -2.03 0.042 -0.500, -0.009 142077 -0.254 14.174 
Cover  14_5 -2.94 0.0033 -0.520, -0.104 113875 -0.312 12.007 
Bare Ground 14_5 1.06 0.29 -0.096, 0.320 113543 0.112 12.007 

 
Albedo 
388_47 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
 Mean 

 
SD 

Cover  ISO2 -1.72 0.086 -0.448, 0.030 139445 -0.209 13.800 
Bare Ground ISO2 0.07 0.94 -0.230,0.248 139455 0.009 13.800 
Cover  1_25 2.78 0.0055 0.095, 0.550 136218 0.322 13.144 
Bare Ground 1_25 -7.09 0.000 -1.050, -0.595 136975 -0.822 13.144 
Cover  12_35 2.13 0.033 0.022, 0.520 148764 0.271 14.377 
Bare Ground 12_35 1.02 0.31 -0.120, 0.378 148605 0.129 14.377 
Cover  13_45 -1.12 0.26 -0.376, 0.103 138437 -0.137 13.843 
Bare Ground 13_45 0.30 0.76 -0.203, 0.276 138415 0.037 13.843 
Cover 14_5 -6.26 0.000 -0.858, -0.449 113283 -0.653 11.829 
Bare Ground 14_5 2.42 0.015 0.049, 0.458 112661 0.253 11.829 
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KTB 
388_47 

 
Recode  

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  O2 .65 0.51 -0.162,0.323 0 0.081 4.011 IS 0 14269 1
Bare Ground .51 .323, 0.162 0  11 ISO2 -0.65 0 -0 14269 -0.081 14.0
Cover  1_25 -1.25 0.21 -0.374, 0.083 138124  9 -0.146 13.21
Bare Ground 1_25 1.25 0.21 -0.083, 0.374 138124 0.146  13.219
Cover  12_35 154796  -1.71 0.088 -0.481, 0.033 -0.224 14.843
Bare Ground 12_35 -0.223, 0.291 1  0.26 0.80 15482 0.034 14.843
Cover  13_45 1.23 0.22 -0.091, 0.400 142103 0.154 14.174 
Bare Ground 3_45 .03 0.042 -0.500, -0.009 7 -0.254 14.174 1 -2 14207
Cover  14_5 -2.94 0.0033 .520, -0.104  007 -0 113875 -0.312 12.
Bare Ground 3  14_5 1.06 0.29 -0.096, 0.320 11354 0.112 12.007

 
Albedo 
388_47 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  ISO2 -1.72 0.086 -0.448, 0.030 139445 -0.209 13.800 
Bare Ground ISO2 0.07 0.94 -0.230,0.248 139455 0.009 13.800 
Cover  1_25 2.78 0.0055 0.095, 0.550 136218 0.322 13.144 
Bare Ground 1_25 -7.09 0.000 -1.050, -0.595 136975 -0.822 13.144 
Cover  12_35 2.13 0.033 0.022, 0.520 148764 0.271 14.377 
Bare Ground 12_35 1.02 0.31 -0.120, 0.378 148605 0.129 14.377 
Cover  13_45 -1.12 0.26 -0.376, 0.103 138437 -0.137 13.843 
Bare Ground 13_45 0.30 0.76 -0.203, 0.276 138415 0.037 13.843 
Cover  14_5 -6.26 0.000 -0.858, -0.449 113283 -0.653 11.829 
Bare Ground 14_5 2.42 0.015 0.049, 0.458 112661 0.253 11.829 

 
KTB 
388_88 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
 Mean 

 
SD 

Cover  ISO2 -2.47 0.014 -0.551, -0.063 71757 -0.307 11.294 
Bare Ground ISO2 -1.55 0.12 -0.437, 0.051 71541 -0.193 11.294 
Cover  1_25 -0.40 0.69 -0.302, 0.199 74455 -0.051 11.579 
Bare Ground 1_25 0.40 0.69 -0.199, 0.302 74455 0.051 11.579 
Cover  12_35 -1.52 0.13 -0.451, 0.058 75624 -0.197 11.780 
Bare Ground 12_35 -0.02 0.98 -0.258, 0.251 75631 -0.003 11.780 
Cover  13_45 4.14 0.000 0.267, 0.748 70485 0.508 11.129 
Bare Ground 13_45 -1.69 0.091 -0.448, 0.033 70571 -0.208 11.129 
Cover  14_5 8.10 0.000 0.748, 1.226 66069 0.987 11.056 
Bare Ground 14_5 -4.00 0.0001 -0.726, -0.248 66494 -0.487 11.056 

 

 



ERDC/CERL TR-03-26 97 

Albedo 
388_88 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
 Mean 

 
SD 

Cover  ISO2 -2.89 0.0038 -0.607, -0.116 71647 -0.362 11.356 
Bare Ground ISO2 2.89 0.0038 0.116, 0.607 71647 0.362 11.356 
Cover  1_25 3.62 0.0003 0.212, 0.710 74345 0.461 11.547 
Bare Ground 1_25 -2.05 0.040 -0.510, -0.012 74115 -0.261 11.547 
Cover  12_35 3.97 0.0001 0.261, 0.770 75706 0.515 11.792 
Bare Ground 12_35 -3.97 0.0001 -0.770, -0.261 75706 -0.515 11.792 
Cover  13_45 -2.95 0.0032 -0.606, -0.122 70487 -0.364 11.216 
Bare Ground 13_45 2.95 0.0032 0.122, 0.606 70487 0.364 11.216 
Cover1 14_5 6.19 0.000 0.513, 0.990 64795 0.752 11.025 
Bare Ground 14_5 -6.19 0.000 -0.990, -0.513 64795 -0.752 11.025 

 
KTB 
388_90 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
 Mean 

 
SD 

Cover  ISO2 -1.37 0.17 -0.477, 0.084 50946 -0.196 11.004 
Bare Ground ISO2 1.37 0.17 -0.084, 0.477 50946 0.196 11.004 
Cover  1_25 3.36 0.0008 0.191, 0.726 48459 0.459 10.487 
Bare Ground 1_25 -3.36 0.0008 -0.726, -0.191 48459 -0.459 10.487 
Cover  12_35 2.02 0.043 0.010, 0.620 55448 0.315 11.976 
Bare Ground 12_35 -2.02 0.043 -0.620, -0.010 55448 -0.315 11.976 
Cover  13_45 -5.31 0.000 -0.994, -0.458 48922 -0.726 10.524 
Bare Ground 13_45 4.23 0.000 0.379, 1.032 48922 0.726 10.524 
Cover  14_5 -2.59 0.0095 -0.510, -0.071 39274 -0.291 8.613 
Bare Ground 14_5 2.59 0.0095 0.071, 0.510 39274 0.291 8.613 

 
Albedo 
388_90 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
 Mean 

 
SD 

Cover  ISO2 3.10 0.0020 0.171, 0.759 53254 0.465 11.535 
Bare Ground ISO2 -3.10 0.0020 -0.759, -0.171 53254 -0.465 11.535 
Cover  1_25 0.26 0.79 -0.243, 0.318 50978 0.037 11.001 
Bare Ground 1_25 0.44 0.66 -0.218, 0.343 50935 0.061 11.001 
Cover  12_35 -4.23 0.000 -1.032, -0.379 60033 -0.706 12.819 
Bare Ground 12_35 4.23 0.000 0.379, 1.032 60033 0.706 12.819 
Cover  13_45 2.17 0.030 0.029, 0.573 49040 0.301 10.668 
Bare Ground 13_45 -2.17 0.030 -0.573, -0.029 49040 -0.301 10.668 
Cover  14_5 -1.36 0.18 -0.358, 0.065 37857 -0.146 8.298 
Bare Ground 14_5 1.36 0.18 -0.065, 0.358 37857 0.146 8.298 
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T le 29.  Total sum of absolute differences for all four photographs for each recode 
o

e_Index 
Category 

 
388_45 

 
388_47 

 
388_88 

 
388_90 

 
Totals 

ab
tested f r Study Site #3. 

Recod

ISO2_KTB 
Cover 

139115.00 142689.00 71757.00 50946.00 404507 

ISO2_KTB 
Bare Ground 

139115.00 142689.00 71541.00 50946.00 404291 

ISO2_ALB 
Cover 

132711.00 139445.00 71647.00 53254.00 397057 

ISO2_ALB 
Bare Ground 

132711.00 139455.00 71647.00 53254.00 397067 

1_25_KTB 
Cover 

130347.00 138124.00 74455.00 48459.00 391385 

1_25_KTB 
Bare Ground 

130389.00 138124.00 74455.00 48459.00 391427 

1_25_ALB 
Cover 

125524.00 136218.00 74345.00 50978.00 387065 

1_25_ALB 
Bare Ground 

125674.00 136975.00 74115.00 50935.00 387699 

12_35_KTB 
Cover 

152435.00 154795.00 75624.00 55448.00 438302 

12_35_KTB 
Bare Ground 

152435.00 154821.00 75631.00 55448.00 438335 

12_35_ALB 
Cover 

145154.00 148764.00 75706.00 60033.00 429657 

12_35_ALB 
Bare Ground 

145123.00 148605.00 75706.00 60033.00 429467 

13_45_KTB 
Cover 

125907.00 142103.00 70485.00 48922.00 387417 

13_45_KTB 
Bare Ground 

125907.00 142077.00 70571.00 48922.00 387477 

13_45_ALB 
Cover 

119872.00 138436.00 70487.00 49040.00 377835 

13_45_ALB 
Bare Ground 

119872.00 138415.00 70487.00 49040.00 377814 

14_5_KTB 
Cover 

78954.00 113874.00 66069.00 39274.00 298171 

14_5_KTB 
Bare Ground 

78954.00 113542.00 66494.00 39274.00 298264 

14_5_ALB 
Cover 

77954.00 113284.00 64795.00 37857.00 293890 

14_5_ALB 
Bare Ground 

78163.00 112660.00 64795.00 37857.00 293475 

Totals 2456316 2735095 1430812 988379 7610602 

 



ERDC/CERL TR-03-26 99 

Spatial Extrapolation 

Similar to spectral demixing extrapolation analysis, a correlation between two 
spectral brightness indices (KTB and Albedo) and percent cover/bare ground was 
developed by sampling three of the four photographs for each site, as described 
in the methodology.  The regression equation explaining the relationship be-
tween the spectral brightness index (independent variable) and percent 
cover/bare ground (dependent variable) based on a sample of three photographs 
was then used to estimate abundance of vegetative cover for an area matching 
the footprint of the fourth photograph.  To accomplish this, both Albedo and KTB 
values were calculated for every pixel of a TM subset matching the footprint of 
the fourth photograph.  Based on evaluations of correlation analysis for individ-
ual photographs, only the two best performing recodes for each site were tested 
for extrapolating results from three photographs to the fourth.  The same three 
sample photographs and remaining test photograph that were used to evaluate 
demixing extrapolation were also used to evaluate correlation extrapolation for 
each site. 

Table 30 presents inferential and descriptive statistics for Study Site #1.  Recode 
12_35 and the two-class unsupervised classification were tested and extrapolated 
using Albedo and KTB.  Both recodes performed relatively well, with mean dif-
ferences between the estimated and the reference abundance ranging from -1.7 
percent (KTB/12_35/Cover) to 0.44 percent (KTB/ISO2/Bare Ground).  Recode 
12_35 performed the best for both Albedo and KTB, as indicated by the lowest 
sum of absolute differences.  Mean differences were between 0 and 1 percent for 
Albedo and 1 and 2 percent for KTB.  The null hypothesis was rejected for all re-
code/land-cover category combinations.  The top performing recode/index combi-
nation was Albedo/12_35, based on the lowest sum of absolute differences, al-
though all recode/index combinations were comparable in performance. 

Figures 22 through 25 contain images of reference abundance, estimated abun-
dance derived directly from samples of photo 381_158 only, and extrapolated es-
timates of abundance for the same area derived from sampling the other three
ph p
mates, patterns for single-photo and extrapolated estimates were much more 

 each other for both Albedo- and KTB-derived 
stimates.  Visual inspection seemed to indicate that both recodes performed 

 estimates.  Statistics confirmed that 
ll recodes were similar in performance. 

 
otogra hs in Study Site #1.  Relative to visual inspection of demixing esti-

similar to reference images and to
e
well for both single-photo and extrapolated
a
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Table 30.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
spectral index correlations] minus reference abundance) for two land-cover categories for photo 
381_158 for Study Site #1 using recode 12_35 and ISO2. 

 
KTB 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  12_35 -28.99 0.0000 -1.9208, -1.6774 55727 -1.799 6.373 
Bare Ground 12_35 28.99 0.0000 1.6774, 1.9208 55727 1.7990 6.3736 
Cover  ISO2 -22.22 0.0000 -1.5672, -1.3131 56944 -1.4401 6.6546 
Bare Ground ISO2 6.79 0.0000 0.3131, 0.5672 55727 0.4401 6.6546 

 
 
Albedo 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  0.0000 0.1989, 0.4481 46 5 278 12_35 5.09 539 0.323 6.5
Bare Ground  0 -  5  12_35 1.20 .0023 0.0481, 0.2011 53985 0.076 6.5278
Cover  ISO2 -5.14 0 -   3  .0000 0.4606, -0.2061 55017 -0.333 6.6657
Bare Ground ISO2 0 -   0  -7.22 .0000 0.5964, -0.3417 55012 -0.469 6.6708
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Figure 22.  Albedo correlation results for two land cover categories for photo 381_158 
using recode 12_35. 
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Figure 23.  Albedo correlation results for two land cover categories for photo 381_158 using 
recode 12_35. 
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Figure 24.  KTB correlation results for two land cover categories for photo 381_158 using recode 
12_35. 
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Figure 25.  KTB correlation results for t land co r photo 381_158 using 
ISO2. 

 

 

wo ver categories fo
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Table 31 summarizes the inferential and descriptive statistics for Study Site #2.  
R r 
and bare ground using KTB and Albedo.  Mean differences ranged from -7.9 per-
cent (KTB/14_5/Bare Ground) to 7.7 percent (KTB/14_5/Cover).  Recode 1_25 per-

rmed the best for both Albedo and KTB, as indicated by the lowest sum of abso-
lute differences.  Mean differences were between -7.75 and 7.55 percent for 

lbedo and -7.91 and 7.79 percent for KTB.  Similar to Study Site #1, the null 
hypothesis was rejected for all recode/land-cover category combinations, but 
ariance of the mean difference was considerably higher than Study Site #1.  The 

top performing recode/index combination was Albedo/1_25. 

Table 31.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
pectral index correlations] abundance minus reference abundance) for two land-cover 
ategories for photo 386_124 for Study Site #2 using recode 14_5 and 1_25. 

ecodes 14_5 and 1_25 were used to evaluate extrapolated estimates of cove

fo

A

v

s
c

 
KTB 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  14_5 33.32 0.0000 7.334, 8.252 81084 7.793 20.304 
Bare Ground 14_5 -33.92 0.0000 -8.369, -7.454 80790 -7.911 20.245 
Cover  1_25 -20.30 0.0000 -4.078, -3.360 75804 -3.719 15.904 
Bare Ground 1_25 20.00 0.0000 3.296, 4.013 75853 3.655 15.859 

 
 
Albedo 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  14_5 32.71 0.0000 7.098, 8.003 79879 7.550 20.034 
Bare Ground 14_5 -32.28 0.0000 -8.223, -7.281 79532 -7.752 20.844 
Cover  1_25 -23.97 0.0000 -4.702, -3.991 74978 -4.346 15.737 
Bare Ground 1_25 22.37 0.0000 3.966, 4.727 74978 4.347 16.864 

Images of reference abundance, estimated abundance derived directly from sam-
ples of photo 386_124 only, and extrapolated estimates of abundance for the 
same area derived from sampling the other three photographs in Study Site #2 
are contrasted in Figures 26 through 29.  Visual examination indicated that the 
results appeared similar between Albedo- and KTB-derived estimates for the 
same recode tested.  However, there were significant differences between the two 
recodes.  Single-photo and extrapolated results for recode 14_5 appeared more 
similar to reference images than estimates derived from recode 1_25.  In general, 
extrapolated results were similar to single-photo results for both indices and 
both recodes. 
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Figure 26.  Albedo correlation results for two land cover categories for photo 386_124 
using recode 1_25. 
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Figure 27.  Albedo correlation results for two land cover categories for photo 386_124 using 
recode 14_5. 
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Figure 28.  KTB cor
recode 1_25. 

relation results for two land cover categories for photo 386_124 using 
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Figure 29.  KTB correlation results for two land cover categories for photo 386_124 using 
recode 14_5. 
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Table 32 contains the inferential and descriptive statistics for Study Site #3.  Re-
codes 14_5 and 1_25 were also used to evaluate extrapolation results, since these 
were identified as the top performing recodes in the analysis of individual photo-
graphs.  Mean differences ranged from -6.6 percent (Albedo/1_25/Bare Ground) 
to 7.1 percent (Albedo/1_25/Cover).  Recode 14_5 performed the best for both Al-
bedo and KTB, as indicated by the lowest sum of absolute differences.  Mean dif-
ferences ranged from -6.60 to 7.10 percent for Albedo and -3.85 to 3.45 percent 
for KTB.  Similar to Study Sites #1 and #2, the null hypothesis was rejected for 
all recode/land-cover category combinations, but variance of the mean difference 
was lower than Study Site #2 and only slightly higher than Study Site #1.  Al-
though mean differences were lower for KTB-derived estimates, the top perform-
ing recode/index combination was Albedo/14_5. 

Images of reference abundance, estimated abundance derived directly from sam-
ples of photo 388_90 only, and extrapolated estimates of abundance for the same 
area derived from sampling the other three photographs in Study Site #3 are 

ilar to results for Study Site #2, recode 
14_5 appeared to perform better than recode 1_25, based on the similarity be-

 

contrasted in Figures 30 through 33.  Sim

tween both single-photo and extrapolated estimates, and reference images. 
Again results for both indices appeared similar, but there were significant differ-
ences between the two recodes tested.  Extrapolation appeared to work well for 
both indices and recodes. 

Table 32.  Descriptive and inferential statistics of difference image (estimated [extrapolated 
spectral index correlations] abundance minus reference abundance) for two land-cover 
categories for photo 388_90 for Study Site #3 using recodes 14_5 and 1_25. 

 
KTB 

 
Recode 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  14_5 -29.65 0.0000 -4.106, -3.597 52681 -3.852 9.994 
Bare Ground 14_5 26.72 0.0000 3.198, 3.704 51613 3.451 9.934 
Cover  1_25 -10.95 0.0000 -2.418, -1.684 67826 -2.051 14.409 
Bare Ground 1_25 10.89 0.0000 1.666, 2.399 67826 2.032 14.364 

 
 
Albedo 

 
 

 
t-value 

 
P 

 
CI 

abs. 
diff. 

 
Mean 

 
SD 

Cover  14_5 37.85 0.0000 3.929, 4.359 40272 4.144 8.423 
Bare Ground 14_5 -31.73 0.0000 -4.714, -4.166 40958 -4.440 10.765 
Cover  1_25 45.99 0.0000 6.799, 7.405 69274 7.102 11.882 
Bare Ground 1_25 -36.84 0.0000 -6.953, -6.250 67735 -6.601 13.786 
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Figure 30.  Albedo correlation results for two land cover categories for photo 388_90 using 
recode 14_5. 
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Figure 31.  Albedo correlation results for two land cover categories for photo 388_90 using 
recode 1_25. 
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Figure 32.  KTB correlation results for two land cover categories for photo 388_90 using 
recode 14_5. 
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Figure 33.  KTB correlation results for two land cover categories for photo 388_90 using 
recode 1_25. 

mary of Results 

In all CIR photograph samples, bare ground was clearly delineated using an un-
supervised, five-category classification.  Dense shrub or grass cover was also 
clearly identified as a separate spectral class.  However, the remaining spectral 
categories appeared to delineate a gradient of foliar cover and canopy closure 

Sum
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rather than a distinction between different plant species.  Attempts were made 
to estimate abundance of five land-cover categories using demixing and spectral 
index correlations, but results indicated this would not be possible.  Therefore, 
all five land-cover categories were reclassified as either Cover or Bare Ground.  
However, some land-cover categories were difficult to classify as Cover or Bare 

 within 
relatively close proximity to each other within each individual study site, there 

tative cover between 
individual photographs for any given study site.  This would explain why differ-

eference vegetative cover/bare ground abundance for KTB (481503) and 
demixing (1012788).  In summary, the KTB correlation provides the best model 

Ground.  Therefore, a number of different reclassifications were tested, each with 
a slightly different grouping of the original five land-cover categories.  Categories 
were assigned so that higher category numbers represented lower abundance of 
cover (Category 1= Highest Cover, Category 5 = Bare Ground).  The top perform-
ing recodes for Study Sites #2 and #3 were recode 1_25, where land-cover Cate-
gory #1 was reclassified as Cover and all remaining land-cover categories were 
reclassified as Bare Ground; or recode 14_5, where land-cover Categories 1 
through 4 were reclassified as Cover and Land-cover Category #5 was reclassi-
fied as Bare Ground.  One exception to this was Study Site #1 (Coppice Dunes 
Maneuver Areas), where a reclassification of land-cover Categories #1 and #2 to 
Cover and land-cover Categories 3 through 5 as Bare Ground performed slightly 
better than other reclassifications.  Although photographs selected were

was still considerable heterogeneity in abundance of vege

ent reclassification or recodes, and in some cases, different demixing or spectral 
index correlation models preformed best for each photograph.  However, the top 
performing models and respective recodes for each study site were selected based 
on examination of descriptive statistics for all photographs for each site. 

Study Site #1 - Coppice Dunes Maneuver Areas 

Correlations between the KTB index and reference abundance values based on a 
reclassification of Categories 1 and 2 into vegetated Cover and Categories 3 
through 5 into Bare Ground (recode 12_35) provided the best estimates of vege-
tated cover.  Correlations between Albedo and reference abundance values for 
the same recode resulted in comparable performance.  Recode 1_25, as well as a 
two-class unsupervised classification also performed relatively well using both 
KTB and Albedo correlation models.  The top performing demixing model was 
derived using the 12_35 recode as well.  However, the best performing spectral 
index correlation (KTB/12_35) clearly outperformed the best demixing model, as 
evident by the considerably lower sum of absolute difference between estimated 
and r

for estimating and extrapolating vegetative cover estimates across Study Area 
#1, although Albedo correlation models produced comparable results.  Recode 
12_35 performed only slightly better than recode 1_25, again suggesting that ei-

 



116 ERDC/CERL TR-03-26 

ther recode produced comparable results.  Determination of the appropriate re-
code or reclassification (Cover or Bare Ground) of Category #2 in unsupervised 
classifications of photographs for this study site was difficult, even after field re-
connaissance.  Land-cover Category #2 generally appeared to correspond to the 
edges of mesquite-covered dunes and was generally one to three pixels wide (1 to 
3 m).  This was originally thought to be due to an edge effect around the coppice 

 Albedo and reference abundance values based on a reclas-
sification of Categories 1 through 4 as Cover and Category 5 as Bare Ground (re-
code 14_5) provided the best estimates of cover.  Correlations between KTB and 

nce values for the same recode resulted in comparable perform-
ance.  Recode 1_25 also performed relatively well using both KTB and Albedo 

dunes that could be a combination of shadows, litter, and solar geometry due to 
sloping effect of the dunes.  However, this spectral category did not occur at any 
particular spatial orientation to the dune, and in some isolated cases, occurred in 
interdunal areas not associated with any dune formation.  Therefore, it was con-
cluded to be a combination of litter; decreased mesquite foliar, stem, and branch 
densities; and some shadowing.  Additional field validation would be required to 
determine which recode is appropriate for estimating cover.  However, either re-
code should provide comparable estimates, and errors associated with the mis-
classification of Ccategory #2 should be minimal.  Neither spectral index correla-
tions nor demixing were able to estimate interdunal vegetation cover with any 
consistency. 

Study Site #2 - Otero Mesa Grasslands 

Correlations between

reference abunda

correlation models.  The top performing demixing model was derived using the 
1_25 recode, although recode 14_5 also performed relatively well.  However, the 
best performing spectral index correlation (Albedo/14_5) clearly outperformed 
the best demixing model, as evident by the considerably lower sum of absolute 
difference between the estimated and reference vegetative Cover/Bare Ground 
abundance for Albedo (351209) and demixing (677145).  In summary, the Albedo 
correlation provided the best model for estimating and extrapolating vegetative 
cover estimates across Study Area #2, although KTB correlation models pro-
duced comparable results.  Recode 1_25 also performed relatively well for both 
spectral index correlations, but recode 14_5 was clearly the top performer.  The 
opposite was true for demixing, where recode 14_5 performed relatively well, but 
recode 1_25 was clearly the top performer.  Both spectral index correlations and 
demixing were able to estimate percent cover and bare ground, but were unable 
to provide reasonable estimates of different vegetative cover types. 
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Study Site #3 - Controlled Burn Area/Otero Mesa Foothills 

Correlations between Albedo and reference abundance values based on a reclas-
sification of Categories 1 through 4 into Cover and Category 5 into Bare Ground 
(recode 14_5) provided the best estimates of cover.  Correlations between KTB 
and reference abundance values for the same recode resulted in comparable per-
formance.  The top performing demixing model was derived using the same re-
code.  However, the best performing spectral index correlation (Albedo/14_5) 
clearly outperformed the best demixing model, as evident by the considerably 
lower sum of absolute difference between estimated and reference cover/bare 
ground abundance for Albedo (587365) and demixing (848264).  In summary, the 
Albedo correlation provided the best model for estimating and extrapolating 
vegetative cover estimates across Study Area #3, although KTB correlation mod-
els produced comparable results.  Recode 14_5 was clearly the top performing 
recode for both spectral index correlation models and demixing.  Both the spec-
tral index correlations and demixing were able to estimate percent cover and 
bare ground, but were unable to provide reasonable estimates of different vege-
tative cover types. 

Using spectral index correlation models KTB/12_35 for Site#1, Albedo/14_5 for 
Site #2, and Albedo/14_5 for Site #3, a two-band image (Band 1 =  Cover; Band 2 
= Bare Ground) was created for each study site, with each pixel value represent-
ing estimated percent cover or bare ground for that location.  A generalized map 
depicting the approximate boundaries of the three study sites was created and 
then used to determine which model should be applied to different areas of the 
installation.  Images for each of the study sites were then mosaiced together to 
create a single image of estimated cover for the entire installation. 
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6 

Conclusions 

e cover.  The primary focus of this 
research was to evaluate spectral demixing and correlations between spectral 

 

ield sampling will always be a necessity for natural resources characterization 
and monitoring efforts, but exclusive reliance on field sampling will always re-
main cost prohibitive, especially for such large land areas as Fort Bliss.  There-
fore, to adequately sample a large area, Fort Bliss DOE land managers can bene-
fit from alternative sampling techniques such as high-resolution photography or 

Conclusions and Recommendations 

The objective of this research was to investigate alternative methods for charac-
terizing and monitoring vegetative cover at Fort Bliss, Texas, that would be cost 
effective, yet provide quantitative estimates of both total cover, and cover by spe-
cies type, across the entire installation.  The alternative methods that were in-
vestigated were designed to overcome deficiencies in currently available ground 
monitoring efforts by using and integrating remote sensing technologies into a 
characterization and monitoring protocol.  Secondly, methods were evaluated 
that potentially could provide a means to quantify and monitor vegetative cover 
information from coarse resolution satellite imagery.  Historically, coarse resolu-
tion satellite imagery has only been used for characterization of relative rather 
than quantifiable changes in total vegetativ

indices and vegetation abundance as potential methods for estimating total per-
cent cover, and preferably, percent cover for distinct land-cover types or plant 
species, within a single coarse resolution satellite image pixel.  These same tech-
niques were also evaluated for their utility in extrapolating fractional cover es-
timates of distinct land-cover types across various regions of the installation 
from a limited number of reference samples.  Both methods used high-resolution 
color infrared photography as a sampling technique for collecting reference or 
“ground truth” measurements of percent total vegetative cover and bare ground. 
Therefore, the results of this research provided not only an evaluation of demix-
ing and correlation analysis for estimating and extrapolating vegetative cover 
estimates using coarse resolution satellite imagery, but also an evaluation of a 
sampling and validation methodology that uses high-resolution photography 
rather than ground surveys. 

Vegetative Cover Estimation 

F

 



ERDC/CERL TR-03-26 119 

digital imagery to augment existing field sampling efforts.  In many cases, ob-
servations from high-resolution imagery are unacceptable as surrogate meas-
urements of ecological data measured on the ground for survey and monitoring 

er, for the purpose of measuring total aerial vegetative cover 
for specific sites, high-resolution aerial photography was ade-

quate as a sampling technique for the Fort Bliss semiarid environment. 

Results from this study indicated that estimates of percent cover by specific 
as-

sificati  total 
cover f
able level of error.  This was concluded through both visual inspection and field 

line-
ated u or grass 
cover w r, the re-

nd 
canopy

ege-
tation cover.  The site was representative of a large percentage of the total area 

in 
these c r n are concentrated in 

rize 
and monitor this specific cover type.  Unfortunately, results from this study indi-

om 
other l

Spectral Demixing for Estimating Total Vegetation Cover 

Spectr per-
cent ve ution (> 25 m) satellite imagery.  

evalua -
resolut Attempts to estimate total cover for five and 

e-
tation type, and bare ground produced mixed results.  In most test photographs 
for Study Site #1, the mean difference between demixing estimates of cover and 

purposes.  Howev
and bare ground 

Cover Estimation for Unique Land-cover/Vegetation Types 

land-cover type or vegetative species could not be derived consistently from cl
ons of high-resolution aerial photography.  Attempts to estimate
or both five and three unique land-cover classes resulted in an unaccept-

reconnaissance.  In all CIR photograph samples, bare ground was clearly de
sing an unsupervised, five-category classification.  Dense shrub 
as also clearly identified as a separate spectral class.  Howeve

maining spectral categories appeared to delineate a gradient of foliar cover a
 closure rather than a distinction between different plant species. 

Specifically, for the Coppice Dunes Study Site (Study Site #1), one of the goals 
was to develop a cost-effective method to quantify and monitor interdunal v

that is used for tracked and wheeled training maneuvers at Fort Bliss.  With
oppice dune areas, impacts f om the training missio

the interdunal areas, typically resulting in a loss of total interdunal vegetative 
cover.  Therefore, a goal was to develop a cost-effective method to characte

cated that it was not possible to clearly distinguish interdunal vegetation fr
and-cover types, including bare ground. 

al demixing was evaluated as a potential methodology for extracting 
getative cover estimates from coarse resol

In this study, estimates of percent cover derived from spectral demixing were 
ted against reference or “ground truth” percent cover derived from high
ion aerial photography.  

three land-cover classes using spectral demixing resulted in an unacceptable 
level of error.  Attempts to estimate total vegetative cover, independent of veg
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“ground truth” percent cover values was less than 2 percent, but was signifi-
higher for Study Sites #2 and #3.  The variance of the estimated tcantly otal 

cover from demixing was much higher than the variance of the reference values, 
there was no significant difference 

between estimates of total cover derived from demixing and reference cover 

spectio  
demixi  majority of the sites, 

pec-
tral de an ac-
ceptabl

rived f t 
cover va on aerial photography was evaluated as a 

estimat cover for five and three land-cover classes 
using spectral index correlations resulted in estimates that were consistently 

there w m 
spectral index correlations and reference cover amounts was accepted for three of 

be-
tween ercent.  
When t was estimated for 

and me proximately 1 percent.  The two land-cover 
classes where the null hypothesis was accepted were honey mesquite and inter-

the original land-cover categories derived from the reference aerial photography 
nction 

betwee were 
clearly identified as mesquite or bare ground were lumped into Categories 1 and 

te-

can-
opy clos  “in-
terdunal” vegetation category from high-resolution aerial photography, it is ex-

tions 
 

similar to Study Site #1.  However, because there was uncertainty as to whether 

even for Study Site #1.  A null hypothesis that 

amounts was rejected for more than half of the sample photographs.  Visual in-
n of demixing results also confirmed that for a select few sample sites,
ng provided accurate estimates of cover, but for the

there was a significant amount of error.  Therefore, it was concluded that s
mixing was unable to consistently estimate percent cover within 
e level of error. 

Spectral Index Correlations for Estimating Total Vegetative Cover 

Similar to spectral demixing, the correlation between spectral index values de-
rom coarse resolution imagery and reference or “ground truth” percen

lues derived from high-resoluti
potential methodology for estimating and extrapolating total vegetative cover 

es.  Attempts to estimate total 

better than estimates derived from spectral demixing.  A null hypothesis that 
as no significant difference between estimates of total cover derived fro

five land-cover categories in Study Site #1, with the largest mean difference 
estimated total cover and reference cover being approximately 1 p
otal cover for only three distinct land-cover classes 

Study Site #1, the null hypothesis was accepted for two of the three categories 
an differences were again ap

dunal vegetation.  Although these results were promising, as described above, 

delineated a gradient of foliar cover and canopy closure rather than a disti
n different plant species.  As a result, all land-cover types that 

3, respectively, and all remaining pixels were lumped into the interdunal ca
gory.  Therefore, it was concluded that spectral index correlations show promise 
for estimating total percent cover of different categories of foliar cover and 

ure.  If a method could be developed to more accurately identify an

pected that spectral index correla would provide an accurate and cost-
effective characterization and monitoring tool for coppice dune environments
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the interdunal category in the reference photographs was an accurate repre
of total interdunal cover, it was determined that spectral index correla
ould have m

sen-
tation -
tions w ore utility for estimating two categories of land-cover: vegeta-

A numb f five land-cover classes were grouped into 

s 
in individual sites and also between sites.  In addition, both spectral indexes (Al-

e was no 
signific
dex cor st one index 

381_14
was re ll index and recode combinations.  Therefore, based on inferen-

Based o scribed above, it was concluded that a 
g 

would ve 
cover estimates across the entire installation.  The three study sites in this re-

 
Mesa 

Grassla led Burn Area/Otero Mesa Foothills).  Ide-
ally, the best performing combination of spectral index and recode could be 

areas o
study, it was difficult to identify a specific index and recode combination that 

n 
photogr  concluded that the index and 

-
 best 

perform
binatio d be used to extrapolate total cover estimates across each study 

Using spectral index correlation models KTB/12_35 for Site#1, Albedo/14_5 for 
Site #2, and Albedo/14_5 for Site #3, a two-band image (Band 1 =  Cover; Band 2 
= Bare Ground) was created for each study site, with each pixel value represent-

tion and bare ground. 

er of different combinations o
either a “vegetated” or “bare ground” category for each of the study sites.  Differ-
ent combinations performed better than others and varied between photograph

bedo and KTB) produced similar results.  The null hypothesis that ther
ant difference between estimates of total cover derived from spectral in-
relations and reference cover amounts was accepted for at lea

and recode combination in 11 of the 12 photographs evaluated, with photo 
4 (Study Site #1) being the only photograph where the null hypothesis 
jected for a

tial and descriptive statistics, it was concluded that spectral index correlations 
did provide an accurate estimate of total cover at each of the study sites. 

Spatial Extrapolation of Total Vegetative Cover Estimates 

n the results and conclusions de
methodology that uses spectral index correlations rather than spectral demixin

provide the best utility for estimating and extrapolating total vegetati

search were selected to characterize three very general landform/vegetation
zones at Fort Bliss (Study Site #1 – Coppice Dunes, Study Site #2 – Otero 

nds, Study Site #3 – Control

clearly identified for each study site and then applied uniformly across all other 
f the installation that are similar to that respective study site.  In this 

was a best performer for a specific study site, because results varied betwee
aphs within a single site.  Therefore, it was

recode combination that resulted in the lowest absolute difference between esti
mated total cover and reference total cover would be used to identify the

ing index and recode combination.  In turn, these best performing com-
ns woul

site. 
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ing the estimated percent cover or bare ground for that location.  A gener
epicting the approximate boundaries of the three study sites was creat

n used to determine which model should b

alized 
map d ed 
and the e applied to different areas of 

er 
to crea on. 

lted 
in the f ex correlations were demonstrated to 

ts to 
extrap t ill require a 
significant refinement of the stratification of the installation into unique land-

quately here 
was no clear determination of boundaries between these very generalized land-

etail in 
the Re n 
spectral indexes derived from coarse resolution imagery and reference cover 

an accu-
rate an over, and with 
refinements, shows promise for extrapolating these estimates over much larger 

Reco

e 
ecological data.  Any type of sampling that uses remote observations should 
always be validated with in-situ measurements.  In this research, historical 

 a d 
correla e 
time the imagery and photography were collected were not available.  If ground 

 
assigni
Ground  
reference cover estimates derived from aerial photography classifications.  Mini-

used to  of 

tellite 
imagery with coincident field surveys of the area. 

the installation.  Images for each of the study sites were then mosaiced togeth
te a single image of estimated cover for the entire installati

Visual inspection of the estimated cover map for the entire installation resu
ollowing conclusions.  Spectral ind

be effective in estimating total vegetative cover for specific areas.  Attemp
olate cover estima es across the entire installation, however, w

form/vegetation zones.  It was recognized that these three study sites do not ade-
 represent all landform/vegetation types at Fort Bliss.  In addition, t

form/vegetation types.  The issue of stratification is discussed in more d
commendations section below.  However, the use of correlations betwee

amounts derived from high-resolution aerial photography does provide 
d cost-effective method for quantifying total vegetative c

geographic regions. 

mmendations 

There are always challenges, as there were in this investigation, in interpreting 
photographic or spectral images and translating that information to quantitativ

photography and satellite imagery were used to evaluate spectral demixing n
tion analysis.  Therefore, ground observations of vegetative cover at th

observations had been available, problems associated with the uncertainty in
ng spectral classes derived from photography into Cover versus Bare 
 information classes would have been minimized, thus improving the

mizing these types of errors would have improved the reference cover values 
 develop demixing and correlation models, thus improving the accuracy

abundance estimates derived from these models.  Therefore, the recommenda-
tion is to coordinate any future collection of aerial photography and sa
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In addition to the lack of field validation data, there were other aspects of th
ues evaluated that could potentially be improved.  Specifically, fu

required to determine the number and 

e 
techniq rther 
research is location of samples necessary 

uses a e 
genera
Mesa G he transition zone between Tularosa Valley and Otero 

r-
able di t y 
sampled  also considerable diversity in abundance of 

 
develop ue 
landfor  types.  The goal would be to develop more strata 

 
a larger 

sample of photography that is distributed across all strata should increase the 

 
1994.  This was well beyond the peak precipitation events and corresponding 

t Fort 
Bliss, w  September.  As a result, because of 

r 
ite 

imager ly affected spectral demixing results, where 
each spectral endmember or land-cover type to be characterized must be spec-

 
particu ss indices, may have also been adversely affected by 

lect 
any fu tation.  This 
may improve estimates of abundance derived from demixing and correlation 

nalysis. 

Despite these potential areas for improvement, results from this research were 
promising and the techniques that were demonstrated and evaluated have great 
potential for future characterization and monitoring of land condition at Fort 
Bliss.  Estimates of vegetative cover derived from these techniques may never be 
exact for any given pixel location, yet they will provide more information on total 
vegetative cover than what can be measured from field surveys alone.  Estimates 
are provided for every pixel, across the entire geographic footprint of the coarse 

to adequately sample and characterize the diversity of land-cover types and land 
t Fort Bliss.  Results from this research attempted to characterize thre
l regions of Fort Bliss: the Coppice Dunes Maneuver Areas, the Otero 
rasslands, and t

Mesa, in close proximity to the Controlled Burn Study Site.  There was conside
versity within these large, generalized land areas that was not adequa el

 in this study.  There was
various land-cover types within the relatively small areas that were sampled 
with CIR photography for each study site.  Therefore, the recommendation is to

 a more detailed stratification process that would identify more uniq
m/vegetation vegetation

of smaller area, resulting in a higher degree of homogeneity in land cover and
plant species within each strata.  Once such stratification is developed, 

accuracy of these estimates. 

In addition, both the CIR photography and TM imagery used to evaluate demix-
ing and correlation analysis were collected in late October and early November

peak greenness and photosynthetically active period of most vegetation a
hich typically occurs in August and

minimal green biomass and photosynthetic activity at this time, minimal Nea
Infrared spectral response was observed in the CIR photography and satell

y.  This may have adverse

trally unique from all other endmembers.  In addition, spectral indices, and in
lar, spectral greenne

the timing of the image collection.  Therefore, the recommendation is to col
ture imagery during the peak photosynthetic activity of vege

a
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resolution satellite image.  In addition, these estimates of total vegetative cover 
are quantitative rather than relative.  Field surveys alone provide quantitative 
measures of total cover, but only for specific survey locations.  Field surveys are 

 very small 
e derived by 

supplementing exist es of high- 
resolution photograp ery. 

Several options exist for implementation -
vestigation to support future resource characterization and monitoring objectives 
f the Fort Bliss DOE.  One alternative would be to sample with a combination of 

ground surveys and high-resolution photography or imagery on a regular inter-
val, but not necessarily on an annual basis, for example.  Using this alternative, 
either demixing or spectral index correlation models would be developed from 

e most recent sample and applied to TM imagery for successive years in which 
field and aerial samples are not collected.  During these interim years, the only 

ventory requirement would be a single coarse resolution satellite image and 
field validation plots, thereby reducing the total cost of the monitoring program.  

nce a new sample of high-resolution imagery is collected, the demixing or spec-
tral index correlations could be recalibrated. 

A second alternative would be to sample with high-resolution imagery on an an-
ual basis.  The accuracy of abundance estimates derived from demixing and 

spectral index correlation models should increase with the frequency at which 
ampling occurs, but increased sampling frequency would incur a greater cost.  A 

third option would be to sample sensitive areas or areas of intense use at a 
igher frequency than those areas of the installation that are used less fre-

quently, thereby reducing the total cost of monitoring while focusing characteri-
zation and monitoring efforts on critical areas of the installation.  Characteriza-
tion and monitoring objectives of installation land managers, as well as 
resources allocated to meeting these monitoring objectives, will ultimately dic-
tate how such a monitoring program might be implemented.  Regardless of sam-
pling frequency, if suggested improvements to the techniques evaluated in this 
investigation are researched, validated, and implemented, spectral index correla-
tions and demixing techniques should improve the capability of Fort Bliss man-
agers to characterize and monitor land condition on the installation. 

 

also cost-prohibitive, and even a large ground survey only covers a
percentage of large installations such as Fort Bliss.  Estimates can b

ing field surveys with relatively low-cost sampl
hy or imagery and coarse resolution satellite imag

of the techniques evaluated in this in

o

th

in

O

n

s

h
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   380_18  380_18   

IND ISO2    IND 12_35    IND 13_45    IND 1_25  

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq CO

32.40  32.40   TMBAND1 30.80  30.80   TMBAND1 40.00  40.00   TMBAND1 25. .30  42.30  

.90   TMBAND2 48.80  48.80   TMBAND2 28. 0   TMBAND2 46.50  46.50  

TMBAND3 44.30  44.30   TMBAND3 42.40  42.40   TMBAND3 51.30  51.30   TMBAND3 31.  45.30  45.30  

TMBAND4 34.40  34.40   TMBAND4 32.70  32.70   TMBAND4 43.50  43.50   TMBAND4 23. 0   TMBAND4 45.80  45.80  

TMBAND5 33.50  33.50   TMBAND5 32.50  32.50   TMBAND5 36.40  36.40   TMBAND5 27. 0  27.50  

TMBAND7 37.10  37.10   TMBAND7 35.80  35.80   TMBAND7 40.90  40.90   TMBAND7 30. 30.20   TMBAND7 32.00  32.00  

right 55.10  55.10   KTBright 35.

26.70  26.70   KTGreen 21. 0  19.10  

IRR 4.70  4.70   IRR 6.   0.60  

 NDVI 6.40  6.40   NDVI 4.60  4.60   NDVI 6. 6.00   NDVI 0.60  0.60  

 SQRT 6.40  6.40   SQRT 4.60  4.60   SQRT 6.00  6.00   SQRT 0.60  0.60  

MSAVI 6.50  6.50   MSAVI 6.40  6.40   MSAVI 4.60  4.60   MSAVI 6.00  6.00   MSAVI 0.60  0.60  

4.60  4.60   TNDVI 6.

eg_Index 5.30  5.30   Veg_Ind

42.90  lbedo 32.30  32.30   Albedo 52.30  52.30  

 
381_146    381_146    381_146    381_146  381_146   

 IND 13_45    IND 1_25    IND 14_5   

 R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 28.90  28.90   TMBAND1 27.90  27.90   TMBAND1 40.40  40.40   TMBAND1 34.50  34.50   TMBAND1 54.50  54.50  

TMBAND2 40.50  40.50   TMBAND2 39.50  39.50   TMBAND2 53.10  53.10   TMBAND2 42.60  42.60   TMBAND2 63.20  63.20  

TMBAND3 44.80  44.80   TMBAND3 43.70  43.70   TMBAND3 55.20  55.20   TMBAND3 40.00  40.00   TMBAND3 58.70  58.70  

.10  55.10  

.90  40.90  

35.00  35.00   TMBAND7 33.50  33.50   TMBAND7 37.90  37.90   TMBAND7 28.50  28.50   TMBAND7 34.80  34.80  

49.20  49.20   KTBright 47.50  47.50   KTBright 60.10  60.10   KTBright 42.80  42.80   KTBright 62.90  62.90  

5.80  5.80   MSAVI 2.80  2.80  

 

 
INDICIES             

380_18    380_18    380_18 

 

  

  IND 14_5   

  R-sq COV1 COV2 V1 COV2

TMBAND1 00  25.00   TMBAND1 42

TMBAND2 40.30  40.30   TMBAND2 37.90  37 10  28.1

80  31.80   TMBAND3

40  23.4

60  27.60   TMBAND5 27.5

20  

KTBright 47.20  47.20   KTBright 45.20  45.20   KTB 10  35.10   KTBright 50.00  50.00  

KTGreen 26.30  26.30   KTGreen 24.90  24.90   KTGreen 70  21.70   KTGreen 19.1

6.00   IRR 0.60IRR 6.50  6.50   IRR 6.40  6.40   00  

00  NDVI 6.50  6.50  

SQRT 6.50  6.50  

TNDVI 6.50  6.50   TNDVI 6.40  6.40   TNDVI 

5.60  

00  6.00   TNDVI 0.60  0.60  

ex 0.40  0.40  Veg_Index 5.70  5.70   Veg_Index 

0   Albedo 

5.60   Veg_Index 3.80  3.80   V

54.30  54.30   AAlbedo 45.10  45.1 42.90   Albedo 

  

IND ISO2    IND 12_35   

R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND4 41.50  41.50   TMBAND4 40.00  40.00   TMBAND4 53.20  53.20   TMBAND4 33.20  33.20   TMBAND4 55

TMBAND5 38.80  38.80   TMBAND5 37.30  37.30   TMBAND5 43.30  43.30   TMBAND5 31.20  31.20   TMBAND5 40

TMBAND7 

KTBright 

KTGreen 11.70  11.70   KTGreen 11.90  11.90   KTGreen 13.70  13.70   KTGreen 20.40  20.40   KTGreen 20.30  20.30  

IRR 3.00  3.00   IRR 3.40  3.40   IRR 2.20  2.20   IRR 6.10  6.10   IRR 2.80  2.80  

NDVI 2.90  2.90   NDVI 3.30  3.30   NDVI 2.20  2.20   NDVI 5.90  5.90   NDVI 2.80  2.80  

SQRT 3.00  3.00   SQRT 3.30  3.30   SQRT 2.20  2.20   SQRT 6.00  6.00   SQRT 2.80  2.80  

MSAVI 2.80  2.80   MSAVI 3.20  3.20   MSAVI 2.10  2.10   MSAVI 

TNDVI 2.90  2.90   TNDVI 3.20  3.20   TNDVI 2.10  2.10   TNDVI 5.90  5.90   TNDVI 2.80  2.80  

Veg_Index 1.10  1.10   Veg_Index 1.30  1.30   Veg_Index 0.60  0.60   Veg_Index 3.40  3.40   Veg_Index 1.10  1.10  

Albedo 47.90  47.90   Albedo 46.50  46.50   Albedo 61.20  61.20   Albedo 44.60  44.60   Albedo 68.10  68.10  
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381_144    381_144    381_144    381_144    381_144   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 48.20  48.20   TMBAND1 46.70  46.70   TMBAND1 49.00  49.00   TMBAND1 36.00  36.00   TMBAND1 51.40  51.40  

TMBAND2 64.70  64.70   TMBAND2 63.00  63.00   TMBAND2 61.80  61.80   TMBAND2 36.60  36.60   TMBAND2 55.00  55.00  

TMBAND3 54.90  54.90   TMBAND3 53.50  53.50   TMBAND3 50.00  50.00   TMBAND3 26.50  26.50   TMBAND3 39.30  39.30  

TMBAND4 44.70  44.70   TMBAND4 42.50  42.50   TMBAND4 40.80  40.80   TMBAND4 15.60  15.60   TMBAND4 30.80  30.80  

TMBAND5 52.30  52.30   TMBAND5 52.40  52.40   TMBAND5 46.10  46.10   TMBAND5 27.00  27.00   TMBAND5 34.70  34.70  

TMBAND7 54.70  54.70   TMBAND7 54.90  54.90   TMBAND7 48.20  48.20   TMBAND7 29.50  29.50   TMBAND7 34.30  34.30  

KTBright 63.00  63.00   KTBright 61.60  61.60   KTBright 57.90  57.90   KTBright 31.30  31.30   KTBright 46.70  46.70  

KTGreen 46.70  46.70   KTGreen 47.20  47.20   KTGreen 45.50  45.50   KTGreen 45.10  45.10   KTGreen 45.50  45.50  

IRR 21.20  21.20   IRR 22.50  22.50   IRR 18.70  18.70   IRR 24.70  24.70   IRR 15.80  15.80  

NDVI 21.10  21.10   NDVI 22.40  22.40   NDVI 18.70  18.70   NDVI 24.70  24.70   NDVI 16.00  16.00  

SQRT 21.20  21.20   SQRT 22.50  22.50   SQRT 18.70  18.70   SQRT 24.70  24.70   SQRT 15.90  15.90  

MSAVI 21.00  21.00   MSAVI 22.30  22.30   MSAVI 18.60  18.60   MSAVI 24.70  24.70   MSAVI 16.20  16.20  

TNDVI 21.10  21.10   TNDVI 22.40  22.40   TNDVI 18.70  18.70   TNDVI 24.70  24.70   TNDVI 16.10  16.10  

Veg_Index 18.80  18.80   Veg_Index 20.10  20.10   Veg_Index 17.00  17.00   Veg_Index 23.40  23.40   Veg_Index 15.60  15.60  

Albedo 62.30  62.30   Albedo 60.40  60.40   Albedo 58.50  58.50   Albedo 32.00  32.00   Albedo 49.60  49.60  

 
381_158    381_158    381_158    381_158    381_158   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 27.30  27.30   TMBAND1 23.30  23.30   TMBAND1 35.20  35.20   TMBAND1 12.40  12.40   TMBAND1 28.80  28.80  

TMBAND2 40.00  40.00   TMBAND2 35.90  35.90   TMBAND2 47.20  47.20   TMBAND2 20.80  20.80   TMBAND2 33.80  33.80  

TMBAND3 46.50  46.50   TMBAND3 42.70  42.70   TMBAND3 54.10  54.10   TMBAND3 25.70  25.70   TMBAND3 40.50  40.50  

TMBAND4 40.10  40.10   TMBAND4 36.00  36.00   TMBAND4 49.90  49.90   TMBAND4 17.50  17.50   TMBAND4 42.20  42.20  

TMBAND5 17.90  17.90   TMBAND5 18.50  18.50   TMBAND5 15.70  15.70   TMBAND5 16.80  16.80   TMBAND5 14.40  14.40  

TMBAND7 18.10  18.10   TMBAND7 19.70  19.70   TMBAND7 14.40  14.40   TMBAND7 18.90  18.90   TMBAND7 10.80  10.80  

KTBright 48.00  48.00   KTBright 44.80  44.80   KTBright 53.70  53.70   KTBright 28.40  28.40   KTBright 43.60  43.60  

KTGreen 17.80  17.80   KTGreen 16.90  16.90   KTGreen 17.50  17.50   KTGreen 15.20  15.20   KTGreen 9.00  9.00  

IRR 3.80  3.80   IRR 4.00  4.00   IRR 2.80  2.80   IRR 6.10  6.10   IRR 0.50  0.50  

NDVI 3.80  3.80   NDVI 4.00  4.00   NDVI 2.80  2.80   NDVI 6.00  6.00   NDVI 0.50  0.50  

SQRT 3.80  3.80   SQRT 3.90  3.90   SQRT 2.80  2.80   SQRT 6.00  6.00   SQRT 0.50  0.50  

MSAVI 3.80  3.80   MSAVI 3.90  3.90   MSAVI 2.80  2.80   MSAVI 5.90  5.90   MSAVI 0.60  0.60  

TNDVI 3.80  3.80   TNDVI 4.00  4.00   TNDVI 2.80  2.80   TNDVI 6.00  6.00   TNDVI 0.60  0.60  

Veg_Index 3.00  3.00   Veg_Index 3.20  3.20   Veg_Index 2.00  2.00   Veg_Index 5.40  5.40   Veg_Index 0.20  0.20  

Albedo 48.80  48.80   Albedo 44.00  44.00   Albedo 58.10  58.10   Albedo 25.00  25.00   Albedo 45.40  45.40  
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INDICIES                   

386_18    386_18    386_18    386_18    386_18   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 10.90  10.90   TMBAND1 5.80  5.80   TMBAND1 13.80  13.80   TMBAND1 2.30  2.30   TMBAND1 6.10  6.10  

TMBAND2 23.70  23.70   TMBAND2 15.80  15.80   TMBAND2 26.70  26.70   TMBAND2 10.90  10.90   TMBAND2 7.90  7.90  

TMBAND3 32.50  32.50   TMBAND3 22.40  22.40   TMBAND3 35.80  35.80   TMBAND3 15.50  15.50   TMBAND3 10.80  10.80  

TMBAND4 31.80  31.80   TMBAND4 22.00  22.00   TMBAND4 35.60  35.60   TMBAND4 15.30  15.30   TMBAND4 11.80  11.80  

TMBAND5 17.70  17.70   TMBAND5 11.60  11.60   TMBAND5 22.10  22.10   TMBAND5 4.20  4.20   TMBAND5 6.70  6.70  

TMBAND7 19.40  19.40   TMBAND7 10.70  10.70   TMBAND7 24.50  24.50   TMBAND7 4.60  4.60   TMBAND7 8.00  8.00  

KTBright 25.40  25.40   KTBright 16.80  16.80   KTBright 29.90  29.90   KTBright 9.20  9.20   KTBright 9.60  9.60  

KTGreen 4.90  4.90   KTGreen 1.60  1.60   KTGreen 6.10  6.10   KTGreen 0.60  0.60   KTGreen 1.80  1.80  

IRR 0.00  0.00   IRR 0.00  0.00   IRR 0.00  0.00   IRR 0.00  0.00   IRR 0.40  0.40  

NDVI 0.00  0.00   NDVI 0.00  0.00   NDVI 0.00  0.00   NDVI 0.00  0.00   NDVI 0.30  0.30  

SQRT 0.00  0.00   SQRT 0.00  0.00   SQRT 0.00  0.00   SQRT 0.00  0.00   SQRT 0.30  0.30  

MSAVI 0.00  0.00   MSAVI 0.00  0.00   MSAVI 0.00  0.00   MSAVI 0.00  0.00   MSAVI 0.30  0.30  

TNDVI 0.00  0.00   TNDVI 0.00  0.00   TNDVI 0.00  0.00   TNDVI 0.00  0.00   TNDVI 0.30  0.30  

Veg_Index 0.20  0.20   Veg_Index 0.20  0.20   Veg_Index 0.40  0.40   Veg_Index 0.10  0.10   Veg_Index 0.80  0.80  

Albedo 27.00  27.00   Albedo 17.80  17.80   Albedo 30.90  30.90   Albedo 11.30  11.30   Albedo 10.00  10.00  

 

 

386_16    386_16    386_16    386_16    386_16   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 27.20  27.20   TMBAND1 26.10  26.10   TMBAND1 27.30  27.30   TMBAND1 17.80  17.80   TMBAND1 23.60  23.60  

TMBAND2 48.00  48.00   TMBAND2 51.60  51.60   TMBAND2 39.20  39.20   TMBAND2 38.50  38.50   TMBAND2 18.40  18.40  

TMBAND3 50.50  50.50   TMBAND3 54.00  54.00   TMBAND3 39.10  39.10   TMBAND3 39.40  39.40   TMBAND3 10.60  10.60  

TMBAND4 49.90  49.90   TMBAND4 54.50  54.50   TMBAND4 38.40  38.40   TMBAND4 41.70  41.70   TMBAND4 14.10  14.10  

TMBAND5 47.80  47.80   TMBAND5 48.30  48.30   TMBAND5 41.70  41.70   TMBAND5 29.70  29.70   TMBAND5 22.70  22.70  

TMBAND7 47.50  47.50   TMBAND7 47.80  47.80   TMBAND7 41.00  41.00   TMBAND7 28.10  28.10   TMBAND7 22.20  22.20  

KTBright 58.70  58.70   KTBright 61.20  61.20   KTBright 48.50  48.50   KTBright 42.30  42.30   KTBright 21.70  21.70  

KTGreen 14.50  14.50   KTGreen 13.30  13.30   KTGreen 14.30  14.30   KTGreen 6.70  6.70   KTGreen 7.00  7.00  

IRR 2.80  2.80   IRR 2.70  2.70   IRR 2.20  2.20   IRR 1.30  1.30   IRR 0.00  0.00  

NDVI 2.80  2.80   NDVI 2.60  2.60   NDVI 2.20  2.20   NDVI 1.20  1.20   NDVI 0.00  0.00  

SQRT 2.80  2.80   SQRT 2.60  2.60   SQRT 2.20  2.20   SQRT 1.30  1.30   SQRT 0.00  0.00  

MSAVI 2.70  2.70   MSAVI 2.50  2.50   MSAVI 2.20  2.20   MSAVI 1.10  1.10   MSAVI 0.00  0.00  

TNDVI 2.70  2.70   TNDVI 2.50  2.50   TNDVI 2.20  2.20   TNDVI 1.20  1.20   TNDVI 0.00  0.00  

Veg_Index 0.80  0.80   Veg_Index 0.60  0.60   Veg_Index 0.70  0.70   Veg_Index 0.10  0.10   Veg_Index 0.30  0.30  

Albedo 57.80  57.80   Albedo 61.20  61.20   Albedo 47.20  47.20   Albedo 44.50  44.50   Albedo 20.30  20.30  
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386_124    386_124    386_124    386_124    386_124   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 85.30  85.30   TMBAND1 73.20  73.20   TMBAND1 91.70  91.70   TMBAND1 42.80  42.80   TMBAND1 69.50  69.50  

TMBAND2 83.90  83.90   TMBAND2 74.20  74.20   TMBAND2 89.80  89.80   TMBAND2 46.70  46.70   TMBAND2 75.60  75.60  

TMBAND3 70.90  70.90   TMBAND3 72.60  72.60   TMBAND3 85.00  85.00   TMBAND3 47.50  47.50   TMBAND3 79.00  79.00  

TMBAND4 74.20  74.20   TMBAND4 70.00  70.00   TMBAND4 78.00  78.00   TMBAND4 46.90  46.90   TMBAND4 79.50  79.50  

TMBAND5 76.80  76.80   TMBAND5 69.10  69.10   TMBAND5 82.30  82.30   TMBAND5 44.30  44.30   TMBAND5 76.30  76.30  

TMBAND7 74.40  74.40   TMBAND7 65.60  65.60   TMBAND7 80.00  80.00   TMBAND7 41.30  41.30   TMBAND7 73.30  73.30  

KTBright 81.10  81.10   KTBright 73.20  73.20   KTBright 86.40  86.40   KTBright 46.90  46.90   KTBright 79.20  79.20  

KTGreen 69.00  69.00   KTGreen 54.20  54.20   KTGreen 75.90  75.90   KTGreen 29.50  29.50   KTGreen 46.20  46.20  

IRR 13.20  13.20   IRR 7.80  7.80   IRR 15.50  15.50   IRR 3.80  3.80   IRR 4.20  4.20  

NDVI 13.30  13.30   NDVI 7.80  7.80   NDVI 15.50  15.50   NDVI 3.80  3.80   NDVI 4.10  4.10  

SQRT 13.30  13.30   SQRT 7.70  7.70   SQRT 15.50  15.50   SQRT 3.80  3.80   SQRT 4.10  4.10  

MSAVI 13.10  13.10   MSAVI 7.80  7.80   MSAVI 15.30  15.30   MSAVI 3.70  3.70   MSAVI 3.90  3.90  

TNDVI 13.30  13.30   TNDVI 7.80  7.80   TNDVI 15.50  15.50   TNDVI 3.80  3.80   TNDVI 4.00  4.00  

Veg_Index 2.50  2.50   Veg_Index 0.60  0.60   Veg_Index 3.40  3.40   Veg_Index 0.10  0.10   Veg_Index 0.00  0.00  

Albedo 83.20  83.20   Albedo 74.80  74.80   Albedo 88.60  88.60   Albedo 47.60  47.60   Albedo 78.90  78.90  

 
386_122    386_122    386_122    386_122    386_122   

IND ISO2    IND 12_35    IND 13_45    IND 1_25    IND 14_5   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 34.10  34.10   TMBAND1 37.00  37.00   TMBAND1 27.40  27.40   TMBAND1 29.80  29.80   TMBAND1 8.20  8.20  

TMBAND2 43.20  43.20   TMBAND2 47.10  47.10   TMBAND2 33.00  33.00   TMBAND2 38.60  38.60   TMBAND2 4.40  4.40  

TMBAND3 43.30  43.30   TMBAND3 47.30  47.30   TMBAND3 32.80  32.80   TMBAND3 38.80  38.80   TMBAND3 3.70  3.70  

TMBAND4 43.90  43.90   TMBAND4 48.40  48.40   TMBAND4 31.40  31.40   TMBAND4 43.20  43.20   TMBAND4 1.40  1.40  

TMBAND5 33.60  33.60   TMBAND5 39.00  39.00   TMBAND5 21.40  21.40   TMBAND5 29.10  29.10   TMBAND5 0.10  0.10  

TMBAND7 27.00  27.00   TMBAND7 33.20  33.20   TMBAND7 14.80  14.80   TMBAND7 22.40  22.40   TMBAND7 0.20  0.20  

KTBright 40.80  40.80   KTBright 45.90  45.90   KTBright 28.30  28.30   KTBright 37.90  37.90   KTBright 1.20  1.20  

KTGreen 4.70  4.70   KTGreen 5.50  5.50   KTGreen 4.40  4.40   KTGreen 0.10  0.10   KTGreen 7.90  7.90  

IRR 1.30  1.30   IRR 1.80  1.80   IRR 0.20  0.20   IRR 7.80  7.80   IRR 4.10  4.10  

NDVI 1.30  1.30   NDVI 1.80  1.80   NDVI 0.20  0.20   NDVI 7.80  7.80   NDVI 4.20  4.20  

SQRT 1.30  1.30   SQRT 1.80  1.80   SQRT 0.20  0.20   SQRT 7.80  7.80   SQRT 4.20  4.20  

MSAVI 1.40  1.40   MSAVI 1.90  1.90   MSAVI 0.20  0.20   MSAVI 7.90  7.90   MSAVI 4.30  4.30  

TNDVI 1.30  1.30   TNDVI 1.80  1.80   TNDVI 0.20  0.20   TNDVI 7.80  7.80   TNDVI 4.30  4.30  

Veg_Index 7.00  7.00   Veg_Index 8.30  8.30   Veg_Index 3.10  3.10   Veg_Index 15.60  15.60   Veg_Index 3.20  3.20  

Albedo 44.40  44.40   Albedo 48.90  48.90   Albedo 32.90  32.90   Albedo 41.10  41.10   Albedo 3.10  3.10  
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INDICIES                   

388_45    388_45    388_45    388_45    388_45   

IND ISO2    IND 12_35    IND 13_45    IND 14_5    1_25   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 38.10  38.10   TMBAND1 37.80  37.80   TMBAND1 38.60  38.60   TMBAND1 29.10  29.10   TMBAND1 29.80  29.80  

TMBAND2 50.30  50.30   TMBAND2 45.30  45.30   TMBAND2 52.30  52.30   TMBAND2 46.50  46.50   TMBAND2 32.80  32.80  

TMBAND3 46.90  46.90   TMBAND3 38.20  38.20   TMBAND3 51.30  51.30   TMBAND3 50.30  50.30   TMBAND3 24.70  24.70  

TMBAND4 45.80  45.80   TMBAND4 37.10  37.10   TMBAND4 50.40  50.40   TMBAND4 50.40  50.40   TMBAND4 23.30  23.30  

TMBAND5 35.60  35.60   TMBAND5 27.70  27.70   TMBAND5 40.60  40.60   TMBAND5 43.10  43.10   TMBAND5 14.40  14.40  

TMBAND7 40.60  40.60   TMBAND7 32.90  32.90   TMBAND7 44.90  44.90   TMBAND7 47.30  47.30   TMBAND7 19.20  19.20  

KTBright 48.60  48.60   KTBright 39.80  39.80   KTBright 53.40  53.40   KTBright 53.00  53.00   KTBright 24.40  24.40  

KTGreen 15.10  15.10   KTGreen 15.90  15.90   KTGreen 14.50  14.50   KTGreen 10.10  10.10   KTGreen 14.40  14.40  

IRR 9.00  9.00   IRR 7.80  7.80   IRR 9.10  9.10   IRR 7.10  7.10   IRR 6.30  6.30  

NDVI 8.90  8.90   NDVI 7.70  7.70   NDVI 9.00  9.00   NDVI 7.10  7.10   NDVI 6.10  6.10  

SQRT 9.00  9.00   SQRT 7.70  7.70   SQRT 9.10  9.10   SQRT 7.10  7.10   SQRT 6.20  6.20  

MSAVI 8.90  8.90   MSAVI 7.40  7.40   MSAVI 8.90  8.90   MSAVI 7.10  7.10   MSAVI 5.90  5.90  

TNDVI 8.70  8.70   TNDVI 7.60  7.60   TNDVI 9.00  9.00   TNDVI 7.20  7.20   TNDVI 6.00  6.00  

Veg_Index 0.80  0.80   Veg_Index 0.70  0.70   Veg_Index 0.70  0.70   Veg_Index 0.40  0.40   Veg_Index 0.80  0.80  

Albedo 51.20  51.20   Albedo 43.60  43.60   Albedo 55.10  55.10   Albedo 52.00  52.00   Albedo 29.10  29.10  

 
                   

388_47    388_47    388_47    388_47    388_47   

IND ISO2    IND 12_35    IND 13_45    IND 14_5    1_25   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 29.70  29.70   TMBAND1 36.90  36.90   TMBAND1 30.40  30.40   TMBAND1 21.00  21.00   TMBAND1 36.20  36.20  

TMBAND2 40.90  40.90   TMBAND2 45.90  45.90   TMBAND2 43.40  43.40   TMBAND2 34.70  34.70   TMBAND2 42.50  42.50  

TMBAND3 40.00  40.00   TMBAND3 40.20  40.20   TMBAND3 43.30  43.30   TMBAND3 39.50  39.50   TMBAND3 34.60  34.60  

TMBAND4 36.90  36.90   TMBAND4 37.40  37.40   TMBAND4 40.90  40.90   TMBAND4 36.00  36.00   TMBAND4 31.40  31.40  

TMBAND5 27.30  27.30   TMBAND5 24.80  24.80   TMBAND5 26.60  26.60   TMBAND5 23.50  23.50   TMBAND5 22.00  22.00  

TMBAND7 29.60  29.60   TMBAND7 24.20  24.20   TMBAND7 28.60  28.60   TMBAND7 29.00  29.00   TMBAND7 20.60  20.60  

KTBright 39.00  39.00   KTBright 39.00  39.00   KTBright 40.80  40.80   KTBright 35.60  35.60   KTBright 34.20  34.20  

KTGreen 23.40  23.40   KTGreen 26.50  26.50   KTGreen 22.10  22.10   KTGreen 18.40  18.40   KTGreen 26.90  26.90  

IRR 10.30  10.30   IRR 10.80  10.80   IRR 9.70  9.70   IRR 8.80  8.80   IRR 11.40  11.40  

NDVI 10.70  10.70   NDVI 11.00  11.00   NDVI 10.10  10.10   NDVI 9.50  9.50   NDVI 11.20  11.20  

SQRT 10.50  10.50   SQRT 10.90  10.90   SQRT 10.00  10.00   SQRT 9.20  9.20   SQRT 11.30  11.30  

MSAVI 10.80  10.80   MSAVI 11.00  11.00   MSAVI 10.20  10.20   MSAVI 9.70  9.70   MSAVI 11.00  11.00  

TNDVI 10.60  10.60   TNDVI 10.90  10.90   TNDVI 10.00  10.00   TNDVI 9.50  9.50   TNDVI 11.10  11.10  

Veg_Index 2.90  2.90   Veg_Index 2.80  2.80   Veg_Index 2.50  2.50   Veg_Index 3.30  3.30   Veg_Index 3.00  3.00  

Albedo 41.30  41.30   Albedo 43.90  43.90   Albedo 44.20  44.20   Albedo 37.20  37.20   Albedo 39.10  39.10  
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388_88    388_88    388_88    388_88    388_88   

IND ISO2    IND 12_35    IND 13_45    IND 14_5    1_25   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 63.90  63.90   TMBAND1 64.60  64.60   TMBAND1 61.10  61.10   TMBAND1 45.10  45.10   TMBAND1 58.10  58.10  

TMBAND2 72.60  72.60   TMBAND2 70.60  70.60   TMBAND2 71.00  71.00   TMBAND2 57.40  57.40   TMBAND2 60.00  60.00  

TMBAND3 72.10  72.10   TMBAND3 67.20  67.20   TMBAND3 72.60  72.60   TMBAND3 64.30  64.30   TMBAND3 54.10  54.10  

TMBAND4 69.30  69.30   TMBAND4 66.40  66.40   TMBAND4 69.60  69.60   TMBAND4 53.50  53.50   TMBAND4 52.10  52.10  

TMBAND5 62.30  62.30   TMBAND5 60.30  60.30   TMBAND5 61.60  61.60   TMBAND5 44.20  44.20   TMBAND5 49.80  49.80  

TMBAND7 56.10  56.10   TMBAND7 51.50  51.50   TMBAND7 60.40  60.40   TMBAND7 51.40  51.40   TMBAND7 40.50  40.50  

KTBright 78.10  78.10   KTBright 74.90  74.90   KTBright 77.00  77.00   KTBright 61.10  61.10   KTBright 61.30  61.30  

KTGreen 35.50  35.50   KTGreen 33.10  33.10   KTGreen 38.90  38.90   KTGreen 37.10  37.10   KTGreen 30.60  30.60  

IRR 13.30  13.30   IRR 11.50  11.50   IRR 17.00  17.00   IRR 17.20  17.20   IRR 11.40  11.40  

NDVI 13.90  13.90   NDVI 12.00  12.00   NDVI 17.40  17.40   NDVI 18.40  18.40   NDVI 11.60  11.60  

SQRT 13.50  13.50   SQRT 11.70  11.70   SQRT 17.10  17.10   SQRT 17.70  17.70   SQRT 11.40  11.40  

MSAVI 13.60  13.60   MSAVI 11.50  11.50   MSAVI 17.30  17.30   MSAVI 18.60  18.60   MSAVI 11.00  11.00  

TNDVI 13.50  13.50   TNDVI 11.50  11.50   TNDVI 17.40  17.40   TNDVI 18.20  18.20   TNDVI 11.20  11.20  

Veg_Index 3.30  3.30   Veg_Index 2.30  2.30   Veg_Index 5.30  5.30   Veg_Index 8.20  8.20   Veg_Index 2.40  2.40  

Albedo 77.60  77.60   Albedo 74.70  74.70   Albedo 76.10  76.10   Albedo 61.80  61.80   Albedo 61.90  61.90  

 
388_90    388_90    388_90    388_90    388_90   

IND ISO2    IND 12_35    IND 13_45    IND 14_5    1_25   

R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2  R-sq COV1 COV2 

TMBAND1 61.20  61.20   TMBAND1 63.40  63.40   TMBAND1 55.80  55.80   TMBAND1 31.80  31.80   TMBAND1 56.70  56.70  

TMBAND2 66.20  66.20   TMBAND2 63.60  63.60   TMBAND2 64.70  64.70   TMBAND2 48.00  48.00   TMBAND2 55.40  55.40  

TMBAND3 64.50  64.50   TMBAND3 58.30  58.30   TMBAND3 66.30  66.30   TMBAND3 55.20  55.20   TMBAND3 49.30  49.30  

TMBAND4 61.00  61.00   TMBAND4 53.30  53.30   TMBAND4 63.80  63.80   TMBAND4 55.70  55.70   TMBAND4 43.30  43.30  

TMBAND5 62.10  62.10   TMBAND5 63.40  63.40   TMBAND5 56.60  56.60   TMBAND5 29.90  29.90   TMBAND5 54.90  54.90  

TMBAND7 60.00  60.00   TMBAND7 60.80  60.80   TMBAND7 55.10  55.10   TMBAND7 31.00  31.00   TMBAND7 53.20  53.20  

KTBright 75.90  75.90   KTBright 72.50  72.50   KTBright 73.90  73.90   KTBright 51.50  51.50   KTBright 61.70  61.70  

KTGreen 23.50  23.50   KTGreen 27.60  27.60   KTGreen 19.50  19.50   KTGreen 8.20  8.20   KTGreen 27.40  27.40  

IRR 7.90  7.90   IRR 9.10  9.10   IRR 7.00  7.00   IRR 3.60  3.60   IRR 10.20  10.20  

NDVI 7.70  7.70   NDVI 8.90  8.90   NDVI 6.80  6.80   NDVI 3.60  3.60   NDVI 9.90  9.90  

SQRT 7.80  7.80   SQRT 9.00  9.00   SQRT 6.90  6.90   SQRT 3.60  3.60   SQRT 10.10  10.10  

MSAVI 7.30  7.30   MSAVI 8.40  8.40   MSAVI 6.60  6.60   MSAVI 3.60  3.60   MSAVI 9.50  9.50  

TNDVI 7.60  7.60   TNDVI 8.70  8.70   TNDVI 6.80  6.80   TNDVI 3.70  3.70   TNDVI 9.80  9.80  

Veg_Index 0.80  0.80   Veg_Index 1.30  1.30   Veg_Index 0.50  0.50   Veg_Index 0.10  0.10   Veg_Index 1.90  1.90  

Albedo 72.60  72.60   Albedo 68.00  68.00   Albedo 72.20  72.20   Albedo 54.80  54.80   Albedo 57.90  57.90  
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