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ABSTRACT

TOPOGRAPHIC EFFECTS ON THE
NORMALIZED DIFFERENCE VEGETATION INDEX,
ROCKY MOUNTAIN NATIONAL PARK, COLORADO

By

David Frota Vaughan

The normalized difference vegetation index (NDVI) has
become widely accepted because of its compensation for changing
illumination conditions and simplicity (Lillesand and Kiefer, 1994).
Although NDVI compensates, partially, for the effects of
topography on remote sensing measurements, the question
remains whether signal noise, attributed to the remaining
topographic effect, may explain variability in NDVI. Greater
understanding of the remaining topographic effect may yield more
accurate interpretation of NDVI in sensitive ecotones. Through the
examination of NDVI, solar incidence angle, and known vegetation
cover for a site in Rocky Mountain National Park, this thesis
explores the question of whether the calculated NDVI values are
related to topography and how strong is that relationship, if any,
relative to the vegetation influence. Statistical tests indicate a
significant relationship between incidence angle and NDVI. In
large, homogeneous areas, the “noise” of incidence angle may

account for up to 6% of the NDVI signal.
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CHAPTER 1
INTRODUCTION AND RESEARCH QUESTION

1.1 Remote sensing of vegetation

Vegetation can be studied without physical contact or direct
observation because of its interaction with electromagnetic
radiation. Remote sensing is the science and art of obtaining
information about an object, area, or phenomenon through the
analysis of data acquired by a device that is not in contact with the
object, area, or phenomenon under study (Lillesand and Kiefer,
1994). This concept is now extended to include sensors aboard
earth-orbiting satellites. -

Electromagnetic energy registered by a passive remote
sensor! originates primarily from the sun. As incoming solar
electromagnetic radiation (EMR) interacts with the earth's
atmosphere, three paths are possible: absorption by water or
aerosols in the atmosphere, reflection by clouds back into space, or
transmission through the atmosphere to the ground. Of the energy
that encounters the ground, some is absorbed and some energy is
reflected by ground cover. The reflected energy will be directed
back through the atmosphere and, possibly, to an earth-orbiting
remote sensing satellite. What is received by the satellite is known
as radiance, the total of energy radiated by a unit area per solid
angle of measurement (Lillesand and Kiefer, 1994). Not all ground
! A passive sensor does not provide its own electromagnetic

energy source.
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cover (e.g., vegetation) will interact with incoming EMR in the same

manner. The proportion of radiation that is reflected will vary with
both vegetation type and the portion of EMR (i.e., band wavelength)
in which the vegetation is being observed. The unique relationships
between vegetation characteristics and reflectance in the visible
and near-infrared portions (i.e., wavelengths of 0.4 - 0.9 um) of the
EM spectrum enable a passive satellite to efficiently record
information about vegetation.

The depiction of an object's reflectance characteristics across a
range of EMR is known as its “spectral signature.” The reflectance
for vegetation peaks in two separate wavelength ranges: the green
(0.5 - 0.6 pm) and near-infrared (0.7 - 0.9 pm) portions of the
spectrum (Figure 1.1). Reflectance within the green portion of the
spectrum is due to plant pigmentation (Lillesand and Kiefer, 1994).
Overall reflectance of visible light energy is diminished due to the
presence of chlorophyll-a and -b, which are highly absorptive of red
and blue light. In comparison with visible wavelengths, relative
reflectance from vegetation in near-infrared wavelengths is much
greater. Reflectance from plants within the near-infrared portion of
the spectrum is controlled by internal leaf structure. Large
airpockets within the leaf enable reflection of the longer
wavelengths (Curran, 1985; Gausman, 1977; Lillesand and Kiefer,
1994). Given sufficient spatial detail of the sensor, variation in
internal leaf structure and leaf morphology creates variations in
spectral signatures large enough to enable the classification of
vegetation, especially between major classes such as deciduous and

coniferous trees, from spectral information alone.
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Other physical characteristics of vegetation affect the amounts

of EM energy reflected, absorbed, and transmitted by an individual
plant. Water content within the leaf, plant maturity and
senescence, and the presence of disease will all alter the
pigmentation and/or the structure of leaves and, thus, the amount

of energy reflected (Curran, 1985).

1.2 Ligki . I - | radi

Reflected radiance measurements are related to physical
properties of vegetation over extents larger than individual plants
(e.g., of communities) if the ground resolution cell of the imaging
radiometer is much greater than the individual plant. Vegetation
type characteristics such as biomass, leaf area, species, and stress
have known effects on spectral response (Perry and Lautenschlager,
1984). Biomass is defined as the total amount of vegetation within
a specified region (Perry and Lautenschlager, 1984). Leaf Area
Index (LAI) is defined as the cumulative leaf area per unit on the
ground (Price, 1993).

The first to make the link between physical characteristics of
vegetation and radiance was Jordan (1969), who incorporated
vegetation response characteristics in the near-infrared (~0.8 pm)
and red (~0.675 pum) regions of EMR to derive, using a ratio of the
two bands, a measure of LAI (c.f.,, Tucker, 1979). Further
development of ratios between infrared and red radiance, as
reported by Tucker (1979), included the works of Colwell (1973)
and Rouse et al. (1973, 1974). Colwell (1973) determined that the

ratio of infrared to red radiation normalized variation in soil
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background reflectance and "was useful for estimating biomass"

(Tucker, 1979, p.128.).

1.3 Yegetation indices
It was Rouse et al. (1974) who defined the term "vegetation

index": the ratio of radiance in one spectral band to that of another
for a particular satellite sensor (cf., Tucker, 1979). In general, a
vegetation index is a composite measure of spectral radiance
recorded in both the red and near-infrared regions of the
electromagnetic spectrum. Indices take advantage of the
differences in the spectral response characteristics of vegetation in
each of these wavelength channels. An index, therefore,
summarizes information recorded within several wavelength
channels into one variable/image that is representative of broad
vegetation characteristics such as species, leaf area, stress, or
biomass (Curran and Wardley, 1988; Perry and Lautenschlager,
1984). A wavelength channel of a particular satellite sensor is that
portion of the EM spectrum to which a sensor channel is sensitive.
In the case of Rouse et al. (1974), the sensor was the Multispectral
Scanner (MSS) of the early Landsat program and the index was
calculated by combining MSS channels 2 and 4

(0.6 - 0.7 pm and 0.8 - 1.1 pm, respectively).

Early tests were performed to evaluate the relationships
between vegetation indices and vegetation (Tucker, 1979). Many
indices were "sensitive to the amount of photosynthetically active
vegetation present in the plant canopy" (Tucker, 1979, p. 134). The

width of the red and near-infrared band was shown to have little
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effect on the radiance received, and thus, the derived vegetation

information. One effective index tested by Tucker (1979) was the
difference ratio:
(Infrared - Red) / (Infrared + Red)

This difference ratio became known as the normalized difference
vegetation index (NDVI) and has been widely utilized. Throughout
the development and testing of vegetation indices, combinations of
red and infrared were shown to be superior to the earlier ratios of
red and green in extracting canopy variables (Tucker, 1979).

Applications of vegetation indices have included monitoring
areally extents of food crops (Baret and Guyot, 1991; Guttman,
1991). The importance of global food production has led to the
daily monitoring of vegetation by the National Oceanic and
Atmospheric Association (NOAA) satellites, carrying the Advanced
Very High Resolution Radiometer (AVHRR). This instrument gathers
data in the red and infrared portions of the spectrum (Lillesand and
Kiefer, 1994), in addition to longer wavelength channels. The
ground resolution element (GRE) of an orbiting satellite system is
the area of land that the scanning sensor ‘“sees” at any given time
and is equivalent to its spatial resolution. The GRE for the NOAA
series of satellites is 1.2 km2. At such a resolution, the reflected
radiance, and therefore vegetation cover information, is
summarized with one value for an entire square kilometer. AVHRR
is appropriate for depicting large farming systems, such as those
present in the United States, because of the large areal extents of
the crop cover patches. The reduction of the data that occurs when

vegetation indices are used to summarize radiance recorded in
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multiple wavelength channels allows for daily regional assessment

of crop phenology throughout the growing season (Brown et al.,
1993). The data reduction also enables global vegetation

monitoring (Goward et al., 1993; Gutman, 1991). The significance of
applications of vegetation indices to cropland is matched by
applications to forests and natural areas. In many naturally
vegetated areas, the ground is not as flat as cropland. More
undulating topography may have an impact upon the applications of

vegetation indices, specifically NDVI.

1.4 Background: Terrain's effect on remote sensing

The topography of a region serves to inhibit the simple
application of spectral information derived from orbiting
multispectral scanner data (Karaska et al., 1986.) Many applications
to agriculture are not affected by topography due to the generally
flat nature of farmland. However, for non-agricultural applications,
specifically forestry, the influences of topography can complicate
interpretations (Leprieur et al., 1988, Meyer et al.,, 1993).

Variability in topography appears as differences in elevation,
hill slope, and aspect, the orientation of a slope face. Terrain
variability influences the amount of solar radiation striking any
given location by inducing shadowing and shading (Dubayah and
Rich, 1995). The geometric relationship between the Sun's position
in the sky and the orientation of the landscape will vary from one
location to another. Under clear sky conditions solar illumination
angle can be used to explain the amount of solar irradiance for any

given location on a landscape (Dubayah and Rich, 1995). Terrain
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surrounding a given location may block direct solar radiation from

reaching that place: the area is, therefore, in shadow. Shading, on
the other hand, is a measure of the strength of the direct solar
radiation received at any given landscape position at some specified
date and time.

The impact of topography on multispectral sensor
measurements is termed the topographic effect: a phenomenon that
alters spectral reflectance from similar cover types due to
variations in slope and aspect of the terrain (Holben and Justice,
1980). The result is a greater variance than expected in satellite-
generated digital numbers (DN) for any given vegetation type due
to variations in terrain conditions. Digital numbers are the
nominally-scaled measurements at each of the satellite’s sensors
and must be corrected for slight imbalances between each of the
detectors in order to calculate radiance (EOSAT NOTES, 1994).

A correction factor, based on the solar incidence angle and the
differences in radiance from a given cover type between flat and
inclined surfaces, may be calculated and applied to the original
scene to ameliorate the topographic effect. Solar incidence angle for
any given location within a landscape may be determined with the
use of a digital elevation model, a geometric representation of the
terrain surface using a grid system. The terrain orientation may
then be compared to sun positions to determine solar incidence
angle for each cell within the grid. The topographic correction
reduces the variance of measured radiance within known cover

types due to variations in topography. As a result, greater accuracy
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is achieved by computer-conducted landcover classifications of

digital numbers (Civco, 1989; Teillet et al., 1982).

Attempts to correct for the topographic effect have taken
different forms. First, topographic data, and calculated maps of
incidence angle, have been used to adjust the digital numbers
directly (Civco, 1989; Frank, 1988; Holben and Justice, 1980; Meyer
et al.,, 1993) (Table 1.1). Although it is theoretically possible to do a
topographic correction to individual bands prior to NDVI calculation,
applications of NDVI do not include such manipulations, historically.
Topographically corrected data have not been used to calculate
NDVI because the topographic effect is wavelength dependent and
ratios of multiple topographically corrected bands may introduce
unknown biases into the derived values. In addition, the
topographic effect is reduced significantly by the nature of the
formulation of the NDVI.

The concept of using a ratio to reduce the topographic effect
was effectively demonstrated by Holben and Justice (1981). In
tests comparing red and infrared radiance values, ratios of
individual bands effectively reduced the topographic effect by a
factor of six (Holben and Justice, 1981). It was also reported that if
directional reflectance properties were wavelength dependent,
spectral band ratioing did not completely reduce the topographic
effect (Hoblen and Justice, 1981). In order for a ratio to be correct
in its application to reduce topographic influence, whether using
single bands or difference ratios, converting DNs to radiometric

units facilitates the accurate computation of NDVI (Price, 1987).



Table 1.1.

manipulation.

10
Correction of the topographic effect by cosine

Correction Method

Remarks

Statistic-empirical correction

Ly=Ly -cos(i)-m

Purely statistical approach
based on a linear relationship
between the original band and
the illumination. Geometrically
the correction rotates the
regression line to the horizontal
to remove the illumination
dependence.

Cosine correction

leos (s2)
Ly=Ly|———
H Tl cos (i)

Trigonometric approach taking
into account the portion of
direct irradiance on the inclined
(pixel).
Objects are regarded as
Lambenian reflectors.

surface element

Minnaert correction
(semi-empirical)

Variation of the cosine
correction by introduction of a
Minnaert constant. simulating
the non-Lambertian behaviour
of the earth surface. With k=1
it is a normal cosine correction.

f k
Lu=Lr lcos (s.z)
cos (i)
C-correction

(semi-empirical)

cos(sz)+ ¢

[
Ly=L
H 1'lcos(i)+c

Modification of the cosine
correction by a factor ¢ which
should model the diffuse sky
radiation. ¢ is based on the
regression in the statistic-
empirical approach.

where:

Sz

Ly = radiance observed at horizontal surface
LTt = radiance observed over sloped terrain
= solar zenith angle

i = sun's incidence angle

k = Minnaert constant

c= correction parameter

b/m =

m= inclination of regression line
b= intercept of regression line

(Reprinted from Meyer et al., 1993)
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1.5 Problem

Of the many vegetation indices that have been developed,
several to measure vegetation (Table 1.2), NDVI has become widely
accepted because of its simplicity (Lillesand and Kiefer, 1994).
Although popular and widely applied, NDVI does not compensate
for all topographic effects (Guttman, 1991). Slight variations exist
in the bi-directional distributions (i.e., by illumination and viewing
angle) of red and near-infrared reflectance for a given landscape
(Guttman, 1991).

Evaluation of NDVI, as expressed in much of the literature, is
primarily focused on NDVI generated from data acquired by the
AVHRR instrument on the NOAA series of polar-orbiting satellites.
AVHRR imagery covers a swath width of 2400 km (Lillesand and
Kiefer, 1994), making the view angle an important concern (Goward
et al.,, 1991; Guttman, 1993). View angle is the determinant of a
satellite's ability to detect surface illumination (Wardley, 1984). As
the earth's surface curves away from the satellite nadir position, for
any particular scan line, its ability to accurately detect surface

illumination is affected (Goward, 1991).
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Table 1.2. Basic and modified vegetation indices.

10.

Normalized difference vegetation index (NDVI)
= (infrared - red) / (infrared + red)
Soil adjusted vegetation index (SAVI)
= [(infrared-red)/(infrared+red+L)] * (1+L)
where L = soil calibration factor
Modified soil adjusted vegetation index (MSAVI)
= { 2infrared +1 - [(2infrared + 1 )2 - 8(infrared-red)]-5}/ 2
Atmospherically resistant vegetation index (ARVI)
= (p*nir - p*rb)/(p* + p*rb)
where p*rb = p*r - ‘Y(p*b - p*r).
p*r = ozone absorption and molecular scattering

Modified soil and atmospherically resistant vegetation index
(MSARVI)

={2p*nir + 1 - [2p*nir + 1)2 - 8(p*nir - p*rb)]0-3}/ 2
Transformed vegetation index (TVI)
= (ND7 +0.5)-5
where ND7 = (CH7-CHS)/(CH7+CHYS)
Modified TVI
= ((ND7+40.5)/ABS(ND7+0.5)) *(ABS(ND7+0.5) -5
where ND7 = (CH7-CHS)/(CH7+CHS)
Difference vegetation index (DVI)

= 2.4CH7 - CHS
Ashburn vegetation index (AVI)
= 2.0CH7 - CHS

Tasseled Cap composed of 4 axes (Crist and Cicone, 1985)
Soil brightness index, SBI (brightness)

Green vegetation index, GVI (greenness)

= Yellow stuff, YVI

= Nonsuch, NSI

(Adapted from Ashburn, 1978; Deering et al.,, 1975; Huete, 1994; Kanth
and Thomas, 1976; Perry and Lautenschlager, 1984; Richardson and
Weigand, 1977; Tucker, 1980)
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Vegetation indices are sensitive to solar elevation angle, solar

azimuth angle, and the look angle of the satellite platforms (Duggin,
1980; Kirchner and Schnetzler, 1981). An additional concern is the
coordination of NDVI generated from different platforms and even
the same platform at different times in its life cycle (Price, 1987).
Performance of satellite components is subject to conditions present
in orbit and the degradation of parts over repetitive usage. These
slight variations are significant when compared to the amount of
information within each pixel.

The evaluation of NDVI for finer-resolution satellites is
limited by factors other than those of the NOAA series of satellites.
Research into the local application of NDVI, generated by Landsat
MSS and TM, and satellites with spatial resolution better than 30 m?
has been directed toward the issue of noise. NDVI signals may be
affected by atmospheric conditions or the presence of soil patches
intermingled with ground cover within a pixel. Several
modifications to the standard NDVI have attempted to compensate
for these influences (Table 1.2). However, the question remains: to
what extent does the topography affects influence a fine-resolution
NDVI when it is applied to a localized area?

NDVI is a tool utilized to gather information about vegetation
in a particular region. Information gathered is input into studies
that examine global change (Baker et al., 1995; Overpeck et al.,
1990). Proper interpretation of NDVI, at the global or regional scale
of spatial resolution, is necessary for accurate understanding of
change. Baker et al. (1995) looked to the sensitive forest-tundra

ecotone as an indicator of global change. Understanding all sources
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of noise within a fine-resolution NDVI signal is needed for accurate

assessment of possible climate change as indicated by altering
vegetation patterns in mountainous ecotones. Examination of the
remaining topographic effect within NDVI is one such possible

source of noise that needs to be investigated.

1.6 Research question

The importance of vegetation indices necessitates further
research toward understanding those processes which affect the
signal received and the information content derived. The
topography of a region, the atmosphere through which the signal
must travel, and the spatial resolution of the satellite sensors all
have an impact upon the information obtained. Although all are
important areas of scientific inquiry, the scope of this study is
focused on the examination of topographic influence for a single
vegetation index, calculated for one time, under clear sky
conditions, and in a mountainous terrain. Formally expressed, the
research questions are: (1) Is NDVI sensitive to topographic effects?;
and (2) How strong is the topographic "noise" relative to vegetation
information ("signal") in the vegetation index image? In other
words, are the influences that are acting upon NDVI values, for a
mountainous terrain, solely related to vegetation or is there a

topographic influence as well?



CHAPTER 2
SITE DESCRIPTION

2.1 Study area
Rocky Mountain National Park (RMNP) is located within the

Colorado Front Range, northwest of Boulder, Colorado. This range
extends for 300 km from the Arkansas river in the south into the
state of Wyoming in the North(Peet, 1981). The study area is
located within RMNP, 40° 10' N to 40° 32' N latitude and 105° 31' to
105° 41’ west longitude (Peet, 1981). Specifically, the study site
includes a 27,000 hectare portion of Southeast RMNP (Figure. 2.1).

RMNP straddles the Continental Divide. Elevations range from
approximately 1830 m to roughly 4000 m. Much of the topographic
variation seen today is due to the differential weathering of
Pleistocene glaciated mountains (Allen et al.,, 1991). Richmond
(1960) reports that the protection of the unspoiled examples of
glaciation was a major impetus in the creation of RMNP. Underlying
geology is mostly Precambrian granites, gneisses, and schists (Peet,
1981).

Vegetation within RMNP has been described in the context of
life zones. A life zone attempts to organize vegetation within similar
regions based on moisture, winds, exposure, and topography (Nelson,
1953). One classification includes: foothills, montane, subalpine, and
alpine life zones (Peet, 1978b). One classification is based on climate
conditions at increasing elevation (Veblen and Lorenz, 1991). Each
zone contains characteristic vegetation that occurs due to climate
conditions which are chiefly controlled by elevation and moisture
(Peet, 1978a).

15
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Dominant vegetation types in Rocky Mountain National Park

include: Aspen (Populus tremuloides) , Douglas-Fir (Pseudosuga
menziesii), Limber pine (Pinus flexilis), and Ponderosa pine (Pinus
ponderosa) forests (Chiou and Hoffer, 1994). Other forest
dominants include Blue Spruce and Subalpine Fir (Frank, 1988),
Alder (Alnus spp.), and Lodgepole pine (Pinus contorta). Non-forest
cover types include: alpine tundra, moist and dry meadows, bogs,
rock outcrops, krummholz, ponds, willow, grasses, and sedges
(Frank, 1988). Krummholz, a German word meaning twisted wood,
identifies the dense, low mats of spruce and fir trees in the
transition zone between forest and alpine tundra (Veblen and
Lorenz, 1991).

Climatic conditions will vary both with elevation and latitude
(Peet, 1978b). Vegetation response to climate conditions result in
species gradation between successive zones of climate. For any
particular species, the density and vigor of the individual examples
varies with minor gradients of climate. A given species may appear
on a variety of slopes and aspects. Appearance of a species will
vary in density and size according to presence or lack of ideal
conditions. These factors of topographic position and moisture
availability are closely related to forest composition (Peet, 1978b).
Limber pine, for example, occupies xeric sites between montane
forest levels and treeline (Peet, 1978). Higher, rockier elevations
within the park are most associated with the transition from forest
to tundra. Within this region can be found species of spruce, fir,
and occasionally Limber pine (Weisberg and Baker, 1995). Lower

elevations (i.e., montane) support more mesic environments with
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other conifer species such as Douglas fir and Ponderosa pine

(Veblen and Lorenz, 1991). Variation within the general trend of
deciduous to subalpine to alpine and tundra species of vegetation
will be due to local conditions of climate. These variations include
maximum height attainment for a species, density of a stand, and
recovery from disturbances.

Remote sensing of the vegetation in RMNP is not new.
Previous studies have utilized Landsat data, combined with a
geographic information system (GIS) to analyze spatial patterns
within RMNP (Baker and Weisberg 1995). The utilization of digital
terrain information to complement the use of remote sensing and
GIS is exemplified by Brown (1994). Landsat TM data was
combined with topographic data to compare the relationship
between vegetation and topography at the sensitive alpine treeline
ecotone.

Analysis of vegetation through remote sensing serves both
current research initiatives and practicality. Baker and Weisberg
(1995) discuss the importance of understanding population
parameters to further comprehend the dynamic environment in
ecotones. Baker et al. (1995) connect changes in the forest tundra
ecotone to global change. Determination of whether global change is
altering mountain vegetation communities is a monumental task
made more difficult by its remote physical environment. Remote
sensing, GIS, and digital terrain data offer a practical means to
understand vegetation communities in a terrain that is difficult to

access.



CHAPTER 3
DATA AND METHODS

3.1 Addressing the Research Question

This investigation will address the question of the degree to
which vegetation and topography influence NDVI by separately
modeling the influence of each factor using a remotely sensed
satellite image, a vegetation map, and a digital elevation model
(DEM). Topographic corrections have historically not been applied to
the satellite radiance values prior to calculation of the index. This
study will not stray from this precedent. The study is only plausible
due to the existence of detailed groundcover data with which to
compare and categorize the generated NDVI values. Again, the
research question is: Are the influences that are acting upon NDVI
values, for a mountainous terrain, solely related to vegetation or is
there a topographic influence as well?

Homogeneous vegetation and topography classes were
identified, using a digitized vegetation map and a DEM, respectively.
NDVI values within these areas were compared to assess their
influence. In previous studies, NDVI has been used as a surrogate
for leaf area index and biomass based on an assumption that
radiance is related to density and composition (Tucker, 1979).
However, with the use of detailed ground cover data, I examined the
possible influences of density and composition of vegetation and

topography on NDVL
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3.2 Data

3.2.1 Landsat Thematic Mapper image
Radiance data for RMNP are provided in a Landsat 4 Thematic

Mapper (TM) image (scene id # 425461765) acquired on July 5,
1989. Landsat TM provides ground resolution cells of 30 m x 30 m.
Specifically, channels 3 and 4 (0.63 - 0.69 pm and 0.76 - 0.90 um,
respectively) were used to calculate NDVI (Tucker, 1979).
Additional information about Landsat image channels may be found
in Appendix A. The image was georeferenced to the UTM
coordinate system, zone 13. The root mean square error (RMSE) for
the rectification was less than 30 meters (R. Thomas, unpublished).
RMSE is a measure of error between sample points in a rectified
image and their known locations on the ground; it is the distance
between input image control points and the same points after
rectification (Erdas, 1991). The areal coverage (677 rows by 451
columns) was a subset from the original scene and ranges from
(1061017 m, 405234 m) to (1051411 m, 394921 m) (Figure 2.1).
Additional information about the Landsat image may be found in
Appendix B.

The Landsat Thematic Mapper image (figure 3.1) of the test
site was originally displayed using bands 4, 3, and 2 (display colors
of red, green, and blue, respectively). Vegetation appears as shades
of red because of the dominance of near-infrared (band 4)

reflectance from vegetation.
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Landsat TM image bands 43,2 displayed in RGB.

Figure 3.1.
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3.2.2 Digital elevation model (DEM)

A DEM for the RMNP study site was acquired from the United
States Geological Survey (USGS), corresponding to 1:24,000 scale 7-
1/2 minute topographic quadrangles (30 meter resolution). A
previous study by Brown and Bara (1994) has shown systematic
biases (striping) present in DEMs generated by photogrammetric
means. The production of DEMs involves the use of photographic
scanners and manual profiling which produce “striping” features in
the final product. A 1-by-3 filter was used to reduce the striping
effect present in the data (Brown and Bara, 1994). The vertical
accuracy of the DEM is reported at +/- 7 meters (USGS, 1987).

3.2.3 Yegetation cover map
A detailed, digital vegetation map for Rocky Mountain

National Park was created by park conservation personnel and field
checked by Karl Hess (Colorado State University). Nine dominant
forest types and sixteen non-forest vegetation classes were
surveyed (Table 3.1). Forest types were broken down into multiple
sub-classes to include density data. In addition, the locations of
krummholz and rock outcrops were recorded where present.
Additional modifiers to vegetation classes included information on
disease, mountain beetle damage, disturbance, and rock outcrops. A
total of 409 different classes of vegetation was identified and
mapped. Landcover changes are assumed to be negligible for the

one year time duration between map creation and image capture.
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Table 3.1. Original groundcover classifications for Rocky Mountain

National Park.

Forest Types Size Classes Density
Aspen 0" - 5" 0 - 20%
Douglas Fir 5" - 10" 20 - 40%
Limber Pine 10" -15" 40 - 60%
Lodgepole Pine 15" - 20" 60 - 80%
Ponderosa Pine 20" + 80 - 100%
Spruce/Fir

Other Types

Alder/Aspen

Bog

Cottonwood*

Wet meadow
Open water/pond
Blue Spruce*
Rushes/cattail
Willow

Non-Vegetated Dry Meadow
Disturbed/artificial Grass/forb
Rock Shrub/sage
Sandbar

Alpine
Grass/forb
Willow

Modifications to the above classes:
disturbed, mountain beetle killed, krummholz, rock outcrop

* includes density and Diameter at Breast Height (DBH) data
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3.3 Preparing the data

3.3.1 Generating NDVI
Digital numbers (DN) of the Landsat TM bands were first

converted to radiance values for this investigation. The use of
radiance data is but one of several cautions necessary when
manipulating satellite imagery for analysis of vegetation indices.
Digital numbers are the nominally-scaled amplitudes of radiance
measured at each of the satellite's sensors and must be corrected
for slight imbalances between each of the detectors in order to
calculate radiance (EOSAT, 1994). The use of DNs is deemed
inappropriate for NDVI calculations due to the index's sensitivity to
intensity of irradiance and reflected radiance (Goward et al.,, 1993).

Other cautions are raised when comparing calculated NDVI
between sensors and between platforms. Any comparison of NDVI
between sensors or platforms should only be conducted with full
knowledge of the calibration procedures of each (Goward et al.,
1991). These cautions may seem to place extreme limitations on a
NDVI study of TM generated values. However, due to the nature of
this investigation, such cautions will not serve to limit the scientific
findings for two reasons. The first is that many of the above
cautions were based on findings of NDVI generated from Advanced
Very High Resolution Radiometer (AVHRR) data. This sensor has a
much larger field-of-view and, hence, much coarser spatial
resolution than the Landsat TM (Goward et al., 1991). By using one
Landsat image, assumptions of nadir (i.e., vertical) satellite position
may be made for all elements being investigated (i.e., pixels).

Secondly, this investigation does not include a comparison between
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different sensors of the same satellite type nor is it a comparison of

NDVI generated from different platforms.

The objective is to investigate the possible systematic
influences of vegetation cover and topography on NDVI. The
combination of detailed ground data, a DEM, and a Landsat TM
image, converted to radiance values, enabled this investigation to
proceed without concern for many of the limitations cited in other
applications of NDVI (Goward et al., 1991; Guttman, 1993; Perry,
1984; Price, 1987). Conversion of DNs to radiometric units
facilitates the accurate computation of NDVI (Price, 1987). The

general equation for the conversion of digital numbers is:

DN'= Int[((DN-DNminj)/(DNmaxj)-DNminj)))*(max)-minj))+min3] (3.1)
Where:
DN = digital number for an individual pixel,

DN' = recalculated digital numbers,

DNmin) = minimum digital number in wavelength A,
DNmaxj) = maximum digital number in wavelength A,
min) = mimimum radiance value recorded in wavelength A,

max) = maximum radiance value recorded in wavelength A.

Each transformation is wavelength band specific, although the
recalculated range of values (converted to integer range of O -
255) is based on the maximum range from both bands.

Numbers generated from the Landsat DN to radiance
transformation (Equation 3.1) were scaled to an integer range of O-

255 for use in a geographic information system (GIS). The end
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result of this calculation is the elimination of the slight mis-

calibrations of radiance measurements in each of the independent
sensors (EOSAT NOTES, 1994). Raw radiance values, used for the
calculation of NDVI, were adjusted only in scale to accommodate
analysis within an integer-only framework. Each pixel was
transformed using the ALGEBRA program within the ERDAS image
analysis software package.

Once rescaled to the same range of radiance, these two image
bands were then combined algebraically to create the NDVI index
(Figure 3.2). Lighter areas indicate a greater amount of vegetation
(i.e., photosynthetically active radiation, biomass, LAI, etc.) than
areas with darker shading. The influence of topography on NDVI
response is apparent. Lighter shades in the NDVI image tend to
correspond to the valley locations, whereas the ridge (i.e., higher

elevation) sites tend to have lower NDVI values.
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Figure 3.2. NDVI image generated from radiance values.
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3.3.2 Calculating incidence angle

Irradiance, a measurement of available incident radiation for
any given location on the ground, may be used to determine the
extent of the topographic effect on NDVI. However, the term
irradiance implies that atmospheric conditions are known and
incorporated in its calculation. In this investigation, these
atmospheric conditions were assumed to be uniform due to limited
satellite scene size and clear sky conditions. Under clear sky
conditions, variability of incoming solar radiation is dominated by
direct irradiance (Dubayah and Rich, 1995). In place of the
irradiance measure, incidence angle will be used. Cosine of the
incidence angle, i, is a measure of direct illumination as a function of
topographic position and is determined by the slope angle and
aspect at each pixel (Figure 3.3). It is the angle between the
normal to any given point and the direct path rays of the sun

(measured in degrees above the horizon and compass direction).
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Figure 3.3. Solar incidence angle, i. (Reprinted from Teillet et al.,

1982).
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Other influences upon incoming solar radiation are diffuse sky

irradiance and reflected radiance, both direct and diffuse, from
nearby terrain (Dubayah and Rich, 1995; Proy et al.,, 1989;
Woodham and Lee, 1985). These additional influences on radiation
at the earth's surface are important, but not as influential as the
solar illumination angle. The simple application of mere solar
illumination to create radiation maps can only be accurate under
clear-sky conditions (Dubayah and Rich, 1995). Under any other
conditions, the radiation measurement must be augmented by
additional considerations of diffuse sky and reflected radiance
within a mountainous region. Again, for simplicity, the incident
radiation upon the topographic data were represented in cos(i)
form.

A map of cos(i) was first calculated using the DEM and
information about the sun's location at the time of image capture.
The incidence angle map was generated using the HILLSHADE

command in Arc/Info, without the shadow option (Equation 3.2):

cos(i) = 255 [ cos(S) sin(s) cos(a-A) + sin(S) cos(s) ] (3.2)
where:

= terrain slope angle (calculated from DEM),

= solar zenith angle (30°),

terrain slope aspect (calculated from DEM),
solar azimuth angle (118°).

]
S
S = 90°- solar elevation (60°),
a
A

Sun and sensor angles, necessary to calculate the incidence angle
map, were obtained from header information of the Landsat 4

seven band digital data.
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The measure of incidence angle for each pixel is a variation of

a shaded relief map generated with the sun elevation and azimuth
positions corresponding to the time of satellite image capture.

Figure 3.4 is the cos(i) map utilized in this study.
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The measure of incidence angle for each pixel is a variation of

a shaded relief map generated with the sun elevation and azimuth
positions corresponding to the time of satellite image capture.

Figure 3.4 is the cos(i) map utilized in this study.
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Figure 3.4. Map of cos(i).
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3.3.3 Shadow map

The calculation of the incidence angle map (Figure 3.4)does
not include the effect of shadows. A shadow is caused when
surrounding landforms completely block direct radiation from the
sun. A map of shadows was calculated from the DEM using sun
angles at the time of image capture. Each pixel of the DEM is
compared to its neighbors and the angle of direct sunlight (Dubayah
and Rich, 1995). Again, the command HILLSHADE was used in
Arc/Info to generate the shadow map. Pixels in shadow (a total of

33) were removed from further analysis.

3.3.4 Vegetation reclassification

In order to examine the relationships between vegetation
type and NDVI, the 409 cover type classes from the vegetation map
of RMNP were reclassified into groups of similar expected NDVI
response. Nineteen cover classes were formed by combining classes
according to similar ground cover types. For several of the forest
cover classes, density data and information on the presence of
krummholz and rock outcrops were detailed and used as
discriminating factors. Density classes of 0-20%, 20-40%, 40-60%,
60-80%, 80-100% were included for classes dominated by Douglas
Fir, Aspen, Limber Pine, Lodgepole Pine, Ponderosa Pine, Spruce/Fir,
and Blue Spruce. Eleven other classes of vegetation cover, forest
and non-forest categories, were included but were not augmented
by density data. Two classifications, one based on density and the
other on dominant vegetation type were cross-tabulated to produce
a total of 210 possible classes. Classes of dominant vegetation are
listed in Table 3.2, and density classes in Table 3.3.



Table 3.2.
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Vegetation cover classes.

Class # Classificati

RIS S

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.
20.

Other

Open water

Non-vegetated

Alpine

Dry meadow

Bog, wet meadow

Combinations of Lodgepole, Limber Pine, and

Spruce/Fir with the presence of krummholz

Combinations of Lodgepole, Limber Pine, and

Spruce/Fir without the presence of krummbholz

Other combinations of conifers

Combinations of Ponderosa Pine and Douglas Fir

Blue Spruce

Mixtures of deciduous and conifer species

Combinations of Willow, Aspen, and Alder

Combinations of conifer forest with wet meadow

Combinations of deciduous forest with dry meadow

Empty classification

Alpine grass and willow appearing with rock outcrops

Combinations of Lodgepole, Limber Pine, and

Spruce/Fir with the presence of rock outcrops

Ponderosa Pine

Ponderosa Pine with presence of rock outcrops

Alpine species of grass and willow appearing with wet
meadow
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Table 3.3. Forest density classifications.

Class Density
1. 0-20%
2. 0-20% with rock
3. 20-40%
4. 20-40% with rock
5. 40-60%
6. 40-60% with rock
7. 60-80%
8. 60-80% with rock

9. 80-100%
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Of the 210 possible combinations of classes, only 39 were

shown to have actual representation on the ground. The list of
these classes may be found in Table 3.4. Several classes were
combined due to similarity of NDVI means, low standard deviations,
and similarity of vegetation. The final classification is listed in
Table 3.5.

Figure 3.5 depicts the final 33-class vegetation classification.
Notice that classes 7, 9, 11, 13, and 15 (i.e., combinations of Limber
pine, Lodgepole pine, Spruce fir, krummholz, and rock outcrops) are
the dominant forest types within this region. Therefore, the areal

extents of these classes is noticeably larger than the others.
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Table 3.4. Reclassified cover classes from original vegetation map.

Class Description ha. uNDVI SID
0. Other 1831 74.5 13.0
1. Non-vegetated, no density data 10270 71.6 12.1
2. Alpine, no density data 2191 81.6 10.6
3. Alpine, 80 - 100% 232 80.5 13.8
4. Dry meadow, 80 -100% 65 89.3 11.22
5. Bog, wet meadow, rushes, cattails, no density data 160 89 10.0
6. Bog, wet meadow, rushes, cattails, 80 -100% 59 91 14.2
7. Lodge Pole Pine, Limber Pine, Spruce Fir,

with presence of krummholz, 0 - 20% 82 84.1 9.8
8. Lodge Pole Pine, Limber Pine, Spruce Fir,

with presence of krummholz, 20 - 40% 28 86.6 7.1
9. Lodge Pole Pine, Limber Pine, Spruce Fir, with

presence of krummholz, 20 - 40% & rock outcrops 12 90.1 S.1
10. Lodge Pole Pine, Limber Pine, Spruce Fir, with

presence of krummbholz, 40 - 60% 685 83.7 10.6
11. Lodge Pole Pine, Limber Pine, Spruce Fir, with
presence of krummbholz, 60 - 80% 169 85.0 10.7

12. Lodge Pole Pine, Limber Pine, Spruce Fir, 0 - 20% 190 85.2 9.7
13. Lodge Pole Pine, Limber Pine, Spruce Fir, 20 - 40% 296 85.4 10.2
14. Lodge Pole Pine, Limber Pine, Spruce Fir, 20 - 40%,

with presence of rock outcrops 4 84.0
15. Lodge Pole Pine, Limber Pine, Spruce Fir, 40 - 60% 880 86.4
16. Lodge Pole Pine, Limber Pine, Spruce Fir, 40 - 60%,

with presence of rock outcrops 119 838 14.4

00 »
W O

17. Lodge Pole Pine, Limber Pine, Spruce Fir, 60 - 80% 1776 87.1 7.6
18. L. jge Pole Pine, Limber Pine, Spruce Fir, 60 - 80%,

with presence of rock outcrops 194 809 11.4
19. Lodge Pole Pine, Limber Pine, Spruce Fir, 80 - 100% 6380 86.6 7.8
20. Other conifer mixtures, 0 - 20% 28 85.4 11.5
21. Other conifer mixtures, 0 - 20%, rock outcrops 56 93.0 7.6
22. Other conifer mixtures, 20 - 40%, rock outcrops 2 85.7 2.6
23, Other conifer mixtures, 40 - 60% 10 71.0 5.4
24, Other conifer mixtures, 40 - 60%, rock outcrops 8 84.5 2.0
25. Ponderosa Pine, Douglas Fir, 20 -40% 6 98.0 10.2
26. Ponderosa Pine, Douglas Fir, 40 -60%, 4 77.6 16.6
27. Blue Spruce, 0 - 20% 1 92.3 4.5
28. Blue Spruce, 40 - 60% 14 67.3 9.3
29. Blue Spruce, 60 - 80% 6 924 9.4
30. Deciduous, conifer mixture, 0 - 20% 16 89.0 3.9
31. Deciduous, conifer mixture, 40 - 60% 4 80.6 6.2
32. Deciduous, conifer mixture, 80 - 100% 100 95.9 11.3
33. Willow, Aspen, Alder, 0 - 20% 19 83.7 4.7
34. Willow, Aspen, Alder, 40 - 60% 142 86.7 7.0
35. Willow, Aspen, Alder, 60 - 80% 18 91.2 7.2
36. Willow, Aspen, Alder, 80 - 100% 11 87.4 3.9
37. Forest, wet meadow, conifer 15 79.3 8.2
38. Alpine with presence of rock, no density data 1301 77.0 11.4
39. Alpine, wet meadow, no density data 100 92.0 7.8
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Table 3.5. Final classifications of composition/density classes.

Skip

Class # Yegetation/density cover class Area(ha)Factor
0. Other 12100 50
1. Alpine 2423 25
2. Dry meadow 65 4
3. Bog, wet meadow, rushes, cattail, and no data 218 5
4. Lodge Pole Pine, Limber Pine, Spruce Fir,

Krummbholz, 0-20% 82 5
S. Lodge Pole Pine, Limber Pine, Spruce Fir,

Krummholz, 20-40% 28 3
6. Lodge Pole Pine, Limber Pine, Spruce Fir,

Krummbholz, 20-40% + rocks 12 2
7. Lodge Pole & Limber Pines, Spruce Fir, Krummholz,

40-60% 685 15
8. Lodge Pole & Limber Pines, Spruce Fir, Krummbholz,

60-80% 169 5
9. Lodge Pole & Limber Pines, Spruce Fir, Krummbholz,

0-40% 486 10
10. Lodge Pole Pine, Limber Pine, Spruce Fir,

20-40% + rocks 4 1
11. Lodge Pole Pine, Limber Pine, Spruce Fir, 40-60% 880 20
12. Lodge Pole Pine, Limber Pine, Spruce Fir, 40-60%

40-60%+ rocks 119 4
13. Lodge Pole Pine, Limber Pine, Spruce Fir, 60-80% 1776 20
14. Lodge Pole Pine, Limber Pine, Spruce Fir,

60-80% + rocks 194 5
15. Lodge Pole Pine, Limber Pine, Spruce Fir, 80-100% 6380 25
16. Other conifer mixtures, 0-20% 28 3
17. Other conifer mixtures, 0-20% + rocks 56 4
19. Other conifer mixtures, 40-60% 10 2
20. Other conifer mixtures, 40-60% + rocks 8 1
21. Ponderosa Pine, Douglas Fir, 20-40% 6 1
22. Ponderosa Pine, Douglas Fir, 40-60% 4 1
24, Blue Spruce, 40-60% 14 2
25. Blue Spruce, 60-80% 6 1
26. Deciduous, Conifer mixture, 0-20% 16 2
27. Deciduous, Conifer mixture, 40-60% 4 1
28. Deciduous, Conifer mixture, 80-100% 100 5
29. Willow, Aspen, Alder, 0-20% 19 2
30. Willow, Aspen, Alder, 40-60% 142 5
31. Willow, Aspen, Alder, 60-80% 18 2
32. Willow, Aspen, Alder, 80-100% 11 1
33. Forest, Wet meadow, Conifer, 60-80% 15 2
34, Alpine, without density data with rock 1301 20
3s. Alpine, Wet meadow, no density data 100 5



0. Other

113 Alpine

2 Dry meadow

3 Bog, wet meadow, rushes, cattail, no density data

4 Lodge Pole & Limber Pines, Spruce Fir, Krummholz, 0-20%

%]

Lodge Pole & Limber Pines.

S pruce Fir, Krummbholz, 20-40%
6. Lodge Pole & Limber Pines
7

Spruce Fir, Krummbholz, 20-40%, rocks

Lodge Pole & Limber Pines, Spruce Fir, Krummholz, 40-60%

8. Lodge Pole & Limber Pines
O Lodge Pole & Limber Pines, Spruce Fir, Krummholz, 0-40%
10 Lodge Pole & Limber Pines, Spruce Fir, 20-40%, rocks

11 Lodge Pole & Limber Pines, Spruce Fir, 40-60%

12 Lodge Pole & Limber Pines, Spruce Fir, 40-60%, rocks

Spruce Fir, Krummbholz, 60-80%

J38 Lodge Pole & Limber Pines, Spruce Fir, 60-80%

14. Lodge Pole & Limber Pines, Spruce Fir, 60-80%, rocks
5% Lodge Pole & Limber Pines, Spruce Fir, 80-100%

16. Other conifer mixtures, 0-20%

17. Other conifer mixtures, 0-20%, rocks

19. Other conifer mixtures, 40-60%

20 Other conifer mixtures, 40-60%, rocks

213 Ponderosa Pine, Douglas Fir, 20-40%

2% Ponderosa Pine, Douglas Fir, 40-60%
24. Blue Spruce, 40-60%
25 Blue Spruce, 60-80%

26 Deciduous, conifer mixture, 0-20%
27 Deciduous, conifer mixture, 40-60%
28 Deciduous, conifer mixture, 80-100%

29. Willow, Aspen, Alder, 0-20%
30. Willow, Aspen, Alder, 40-60%
312 Willow, Aspen, Alder, 60-80%
32 Willow, Aspen, Alder, 80-100%

33 Forest, wet meadow, conifer, 60-80%
34. Alpine without density data
358 Alpine, wet meadow, no density data

Figure 3.5. Vegetation/density classification map legend.
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3.3.5 Raw_and classed cos(j) (incidence angle)

Cos(i) data were incorporated into the analysis in two forms:
(1) as a raw measure of illumination for each pixel location and (2)
as classed groups of similar cos(i). The ways in which the two forms
of incidence angle were used in the analysis are discussed in the
statistical techniques section of this chapter. The raw cos(i) values
were calculated using Equation 3.2 and the ALGEBRA program of
ERDAS.

The classification of cos(i) is a compromise between equal area
and equal interval approaches to classification. A histogram of the
incidence angle revealed a large number of pixels with values
greater than cos(i) = 0.6. A cut-off at cos(i) = 0.6 was used as the
upper limit of the first class of cos(i). The remaining four classes
divided the range of 0.6 - 1.0 into four equal intervals. The

resulting classification is listed in Table 3.6.

Table 3.6. Classification of cos(i), range 0-1.

Class cos (i) Area (ha)
1. <0.6 3348
2. 0.6 - 0.7 3135
3. 0.7 - 0.8 5966
4. 0.8 - .09 8807
5. 09 -1.0 6223
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3.4 Methods
3.4.1 Sampling the Data

In a final preparation step, data on plant cover and incidence
angle, masked for shadows, were combined with a map of NDVI in
order to address the research questions. A program in the ERDAS
image analysis software package was used to generate samples of
pixels for NDVI, vegetation class, incidence angle, and incidence
angle class.

The pixel values for each of the variables are highly
correlated to those areas (pixels) immediately surrounding it
(apparent in their non-random patterns in Figures 4.1, 4.3, and 4.5).
This spatial autocorrelation is reduced with increased distance away
from the original pixel. To alleviate the potential biasing of
statistical tests associated with this phenomenon, a stratified,
systematic sampling was adopted. Pixels were sampled at regular
pixel intervals in the x and y directions using the following skip
factors: 50, 20, 15, 10, §, 4, 3, 2, 1. The skip factor used for each
class was set according to the largest interval that yielded
approximately 30 samples, a minimum value necessary for
statistical analysis. Many of the smaller classes required a very
small skip factor and even no skip factor at all (Table 3.5). The
adopted approach allowed for a reduction of the effects of spatial
autocorrelation to the maximum extent possible while including as

many classes as possible.
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3.4.2 Statistical techniques

A combination of bivariate regression and analysis of variance
(ANOVA) statistical tests were performed to evaluate the
hypothesized relationships. Again, the research question: Are the
influences that were acting upon NDVI values, for a mountainous
terrain, solely related to vegetation or is there a topographic
influence as well? ANOVA tests were employed to determine if
sample groups of NDVI had significant differences. Bivariate
regressions were used to test the expected relationship between
NDVI and each of the variables tested. Results of these regressions
address the more specific question: “Of what form is the
relationship?” The strengths of the relationships were tested for
statistical significance.

Two groups of statistical tests were employed, one based on
classes of pixels by vegetation type and the second by incidence
angle class. Each group of statistical tests involved two steps. In
the first step, ANOVA statistical tests were conducted to examine
the similarity or difference of NDVI values by class. The first group
of statistical tests focused on the differences in NDVI for the 33
classes of vegetation/density. The second group of statistical tests
was directed at the differences in NDVI for classes of similar
incidence angle. In the second step, within each classification (i.e.,
by vegetation type and incidence class) the influence of the other
variable on NDVI was assessed using either bivariate regression (in
the case of incidence angle) or ANOVA (in the case of vegetation

class).
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The first group of tests was based on vegetation type classes.

ANOVA was employed to test the differences within and between
groups. The ANOVA test determined whether the groups of

vegetation have significantly different NDVI values.

Ho: p1 =p2=u3 =..=u35 The samples of NDVI for each
vegetation class are drawn from the same population

Ha: picop <o p3 < .. p35 At least one sample is drawn from
a different population

Should the null hypothesis be rejected, signifying that at least one
sample is drawn from a different population, then it can be
concluded that NDVI is related to vegetation type.

The influence of incidence angle on NDVI for groups of similar
vegetation was then evaluated using bivariate regression. NDVI
values were extracted by the 33 vegetation/density classes. Within
each of the classes of vegetation, NDVI values were regressed with

values of incidence angle, cos(i).

Regression for vegetation groups 1-35:
NDVI = a + b[cos(i)]

Ho: b = 0; There is no relationship between NDVI and

incidence angle for pixels in this vegetation
class.

Ha: b <> 0; A relationship exists between NDVI and incidence
angle for pixels in this vegetation class.
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This statistical test aided in the determination of whether or not

NDVI is affected by incidence angle, how strong the relationship is,
and the direction of the relationship. These tests were performed
while controlling for the influence of vegetation type, because
vegetation type and incidence angle may be interrelated.

The second group of statistical tests was based on incidence
angle classes. Groups of incidence angle were reclassified to five
ranked classes (Table 3.6). ANOVA was employed to test the

differences within and between groups.

Ho: p1 =p2=p3=p4 =u5 The samples of NDVI for each .

incidenceangle class are drawn from

the population
Ha: p1 o p2 < u3 < g < s At least one sample is drawn from a

different population

Should the null hypothesis be rejected, then it could be said that
incidence angle accounts for some of the variability of NDVI. This
information alone is not complete, because, although incidence angle
may influence NDVI measurements directly, it also may be related
to NDVI indirectly by affecting vegetation patterns. Brown (1994)
showed that vegetation patterns are sensitive to levels of exposure
to solar radiation.

Next, from the vegetation classification, each class of
vegetation was revalued to take on its average NDVI value (i.e., its

expected NDVI). This expected NDVI (NDVIeg) was to be regressed

against actual NDVI values, for each incidence angle class, to
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discover influences of vegetation on groups of similar incidence

angle.

Planned regression for incidence angle groups 1-5
NDVIe vs. NDVI For each ranked incidence group:

NDVI = a + b(NDVIe)

Ho: b = 0; There is no relationship between predicted NDVI, for
this class of incidence angle, and actual NDVI.

Ha: b <> 0; A relationship exists between expected NDVI, for this
class of incidence angle, and actual NDVL

This statistical test was to aid in the determination of whether or
not the NDVI values for groups of similar incidence angles are
related to vegetation.

With incidence angle held constant, the relationship between
vegetation type and NDVI could not be tested with bivariate

regression. Too few vegetation classes per incidence class (Table

3.7) did not provide enough different NDVIe values to run the

bivariate regression. = The analysis was, therefore, not conducted.
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Table 3.7. Vegetation class occurrence within incidence classes.

Vegetation Incidence Class

Class 1 2 3 4 S Total
0. 9 6 6 9 16 46
1. 6 4 11 17 2 40
2. 0 0 3 29 14 46
3. 0 3 3 78 8 92
4. 0 0 40 10 20 34
S 0 0 10 14 16 31
6. 0 0 0 21 14 35
7. 1 2 6 11 13 33
8. 0 3 16 20 30 69
9. 0 4 12 14 17 47
10. 0 3 35 2 0 40
11. 3 2 6 6 9 26
12. 20 4 8 20 33 85
13. 0 6 8 16 11 41
14. 15 25 22 17 8 87
15. S 8 25 41 17 96
16. 0 0 0 22 13 35
17. 0 5 11 12 14 42
19. 17 10 0 3 0 30
20. 0 11 75 1 0 87
21. 0 0 0 0 63 63
22. 0 0 0 28 9 37
24. 0 0 1 14 19 34
25. 0 7 18 22 14 61
26. 0 0 9 29 2 40
27. 0 0 3 34 1 38
28. 0 0 0 S 37 42
29. 9 15 26 0 0 50
30. 1 12 17 24 6 60
31. 0 69 0 22 20 111
32. 0 0 23 16 13 52
33. 33 0 25 0 15 73
34. 0 5 8 17 7 37
35. 0 1 18 22 2 43
totals 119 205 400 596 463 1783



CHAPTER 4
RESULTS

4.1 Statistical results

Table 4.1 depicts the ANOVA results for the two groups of
classed pixels (i.e., by vegetation type and incidence class). These
tests were utilized to determine whether significant relationships
existed between NDVI and the tested variables of vegetation and
incidence class. Specifically, (1) is NDVI related to vegetation type?
and (2) is NDVI related to incidence angle?

Within each group of statistical tests, the ANOVA test was
applied to two different sets of pixels. The first group included all
sample pixels, regardless of skip factor. In the presence of spatial
autocorrelation, statistical tests are more likely to yield significant
results than when spatial autocorrelation is controlled. Therefore the
second group utilized only those pixels sampled with a skip factor of
> 10. This second test examined the ANOVA relationship on those
pixels that were sampled in a manner that limited the effects of
spatial autocorrelation. The results indicate that, in each case, NDVI
is significantly (p < 0.05) related to vegetation class and incidence
angle class.

These initial ANOVA tests are not without their potential for
misinterpretation. The relationships being reported, for groups of
similar vegetation class and incidence angle, may potentially be the
same interrelationship. To avoid misinterpretation, one variable
must be held constant while the other is tested. Bivariate
regressions were conducted to test the strength and directionality of

the relationships between NDVI and the tested variables of

48
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Table 4.1. ANOVA results for vegetation and incidence angle

groups.

ANOVA A: Grouped by vegetation/density class

1. All sample pixels, outliers removed
Chi2 = 540.075 DF=33 p = 0.00
source sum-of-squares DF mean-square F-ratio p
between groups 67394.311 33 2042.252 34411 O
within groups 101428.523 1709 59.350

2. Sample pixels of with skip factor >10 (0, 1, 7, 9, 11, 15,

34).

Chi2 = 49.687 DF=7 p = 0.00
source sum-of-squares DF mean-square F-ratio p
between groups 12373 7 1767.573 23.621 O
within groups 26939.271 360 74.831

ANOVAB: Grouped by incidence class
1. All sample pixels, outliers removed

Chi2 = 90.724 DF=4 p = 0.00

source sum-of-squares DF mean-square F-ratio p
between groups 16394.993 4 4098.748 46.734 O
within groups 152427.841 1738 87.703

2. Sample pixels with skip factor >10 (0, 1, 7, 9, 11, 15,

34).

Chi2 = 15.836 DF=4 p = 0.003
source sum-of-squares DF mean-square F-ratio p
between groups 2164.932 4 541.233 5.289 0

within groups 37147.343 363 102.234
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vegetation type and incidence angle. NDVI values were regressed

against corresponding raw cos(i) values for the samples within each
vegetation/density class. Table 4.2 lists the number of samples,
(x,y) skip factor, r2, f-ratio, p values, and the regression line
coefficients for each regression of vegetation class.

With vegetation held constant, a relati