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ABSTRACT: Remote sensing of rugged terrain is hampered by topographic effects on spectral signatures. The purpose 
of this study was to attempt normalization of the topographic effect encountered when analyzing Landsat Thematic 
Mapper (TM) imagery in the Rocky Mountains. Two normalization techniques were performed on a subscene of a TM 
image of Rocky Mountain National Park. The first technique was a band ratio and the second was a backwards radiance 
correction transformation (BRCT) employing a Minnaert constant based on a non-Lambertian assumption. The results 
of this study indicated that application of the BRCT approach was the more successful technique for reducing topographic 
effects. Further, after conducting a homogeneity of variance test, the reduction of variances in spectral values between 
original and non-Lambertian normalized images was found to be statistically significant. 

INTRODUCTION 

0 NE OF THE FEW PLACES in which remotely sensed data have 
not proven to be effective in discrimination of land-cover 

types is in areas of high relief. Analysis of Landsat Thematic 
Mapper (TM) data related to forest canopy analyses is especially 
limited in mountainous areas (Leprieur et al., 1988). In areas of 
rugged terrain, variable illumination angles and reflection ge- 
ometry are caused by different slope angles and orientations. 
In Landsat data the effect is readily apparent as the visual 
impression of relief (Leprieur et al., 1988; Holben and Justice, 
1979; Justice and Holben, 1979). From the late 1970s through 
the present, various techniques have been employed to nor- 
malize the effect as manifest on multispectral satellite images 
(Holben and Justice, 1979; Justice and Holben, 1979; Smith et 
al., 1980; Justice et al., 1980; Kowalick et al., 1983; Hugli and 
Frei, 1983; Stohr and West, 1985; Franklin et al., 1986; Kawata 
et al., 1988; Leprieur et al., 1988; Civco, 1989). 

PRESENTRESEARCH 

To address this problem, two normalization techniques were 
compared; a band ratio, and a backwards radiance correction 
transformation (BRCT) utilizing a Minnaert constant based on a 
non-Lambertian assumption. The Minnaert constant was com- 
puted for the entire scene and for a local sample area. An al- 
gorithm developed for generating slope and aspect from digital 
elevation data and for use in a raster based geographic infor- 
mation system (GIs) was used in the BRCT normalization tech- 
nique. A one-way analysis of variance was conducted to quantify 
the relationship of brightness values (BV) from selected similar 
sites, consisting of Lodgepole Pine forests, before and after nor- 
malization. Another one-way analysis of variance was per- 
formed on data that consisted of Bvs from two forest sample 
sites and values from different cover types, rock outcroppings, 
or barren soil. The latter analysis provided a comparison be- 
tween F statistics obtained from similar cover type information 
with that obtained from mixed cover types. 

In addition, a test for the homogeneity of variances was con- 
ducted between the original and non-Lambertian normalized 
bands to measure the significance of the reduction of variances 
due to normalization. It was hoped that integrating Landsat TM 
data with derived slope and aspect values per 30-m by 30-m 
cell, and calculating the Minnaert constant for the entire scene 
and for a local sample area, would result in a superior "topo- 
graphic normalization" technique. The technique would not re- 
quire a priori knowledge of land cover, would be practicable to 
implement, and would be applicable to rugged terrain and at 
low solar elevation angles. 

A common method for minimizing differences in brightness 
values from similar surface materials due to topographic 
conditions, shadows, or seasonal changes in sunlight illumination 
factors is the ratio transformation (Lyon, 1975; Holben and Justice, 
1980; Jensen, 1986). In the visible and reflected infrared (IR) 
regions, major spectral variations of materials are expressed in 
differences in the slopes of their spectral reflectance curves, 
with these slope differences emphasized in the ratio image. 
Unfortunately, variations in the albedo of materials may be 
obscured in ratio images if the materials have the same spectral 
reflectance curve (Sabins, 1987). 

MINNAERT CONSTANT 
Smith et al. (1980) employed an empirical photometric function, 

the Minnaert constant, to test the Larnbertian assumption for 
various surfaces. The Minnaert function was developed in 1941, 
and has been used for photometric analysis of lunar surfaces 
(Justice and Holben, 1979). A constant, k, in this function 
describes the bidirectional reflection distribution function (BRDF) 
of the surfaces (Estes et al., 1983), the type of scattering 
dependence, and is related to surface roughness (Smith et al., 
1980). Smith and others found that techniques based on a 
Lambertian assumption and not utilizing the Minnaert constant 
were ineffective in normalizing the "topographic effect" except 
in a limited range of slope and incidence angles (Justice and 
Holben, 1979; Smith et al., 1980). 

In the study by Smith et al. (1980), the Minnaert constant, k, 
was derived by first linearizing the following equation: 

where L = radiance, 

A = wavelength, 

e = exitance angle = slope, 

Ln = radiance when i = e = 0, 

i = incidence angle, and 

k = Minnaert constant. 

Then obtaining the regression value for k, using 

L cos e = Ln coski coske 

and 

log (L cos e) = log Ln + k log (cos i cos e) 

where y = log (L cos e), the response variable; 
x = log (cos i cos e), the independent variable; and 
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b = log (Ln), 

the linear form is obtained from y = kx + b. The equation is 
then solved for k, the slope of the regression line, and the 
Minnaert constant (Smith et al., 1980). 

A backwards radiance correction transformation model can 
be developed using the non-Lambertian assumption and the 
Minnaert relationship (Justice et al., 1980; Smith et al., 1980). 
Employing the Minnaert constant, k, 

Ln = L (cos e) l (coski coske). 

Cosine i can be derived using the following equation: 

cos i = cos 0, cos 0, + sin 0, sin 0, cos (& - +,) (5) 
where 0, = surface normal zenith angle or slope of the terrain 

surface, 
0, = solar zenith angle, +, = solar azimuth angle, and 
4, = surface aspect of the slope angle (Smith et al., 1980). 

A diffuse light component could influence the spectral radiance 
values obtained from the TM imagery. Depending on the spectral 
band and slope and aspect, the diffuse light component could 
be high (A.F.H. Goetz, U. of Colorado, written communication, 
1988). A diffuse light component is not considered here because, 
as in a similar study under non-hazy, clear sky conditions, the 
diffuse light component was found to be a small portion of the 
total irradiance (e.g., 12 percent of the total (Smith et al., 1980)) 
In the study by Smith et al. (1980), the elevation of the study 
area ranged from 1370m (4500 ft) to 2255m (7400 ft). The elevation 
values in this study ranged from 2560111 (8399 ft) to 3198m (10,492 
ft). The diffuse light component of the total irradiance should 
be less than in the study by Smith et al. (1980) due to the decrease 
in the diffuse light component with higher elevations. Diffuse 
irradiance affects in topographic studies of this nature have been 
ignored by most researchers as insignificant (Estes et al., 1983). 
On 21 November 1988, photographs of the study area were 
taken at approximately the time of the satellite's overpass. No 
terrain induced shadows appeared in the sample sites; therefore, 
it is doubtful that shadows were present in the sample sites 
when the imagery was acquired, two weeks earlier. 

METHODOLOGY 

STUDY AREA 

The study area is located in Rocky Mountain National Park 
(RMNP) in Colorado, due west of Estes Park, and approximately 
8 km west of the Park Headquarters (Figure 1.). The area is 
2700m2 in size. The usefulness of this study area for testing the 
effectiveness of the normalization techniques is based on its 
relatively homogeneous tree cover and its topographic charac- 
ter. Stands of pure and partly mixed Lodgepole Pine (Pinus 
contorta) can be found on sites of various slopes and aspects. 
The key areas focused on an eastern oriented moderate slope 
west of Beaver Meadows (mean slope value of 9.1 degrees), 
consisting of predominately Lodgepole Pine (sample site 1); an 
area of moderately steep terrain on the northeast slope of Bea- 
ver Mountain above sample site 1 (mean slope value 17.7 de- 
grees), with close to 100 percent Lodgepole Pine (sample site 
2); and an area of moderately steep terrain on the southeast 
slope of the ridge due east of the Hidden Valley Ski Area (mean 
slope value 23.1 degrees), again primarily of Lodgepole Pine 
(sample site 3) (Figure 2). 

FIG. 1. Map of general area. 
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FIG. 2. Schematic of study area. 

The ground truth data for this project consisted of quantitative 
identification of the vegetative cover, in RMNP, using transects. 
Three sites were chosen because they had different slopes and 
aspects and because of their predominant populations of 
Lodgepole Pine with similar canopy densities. The point quarter 
sampling method (Smith, 1980) was employed in a random 
stratified manner to determine percentage species composition 
in each area. 

Each transect covered 300 m by 180 m. From a control point 
on the west side of sample site 1, a 300 m main transect was 
plotted following a compass bearing of 100 degrees from magnetic 
North. To plot the main transect in sample site 2, a compass 
bearing of 140 degrees from magnetic North was followed from 
a control point on the North side of the site. To plot the main 
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transect for sample site 3, the direction followed from the South program first computed the cosine i and cosine e for each pixel, 
side of the site was magnetic North (Figure 2). The sub-transects recorded the original Bvs of the band, and wrote them to a 
were then plotted and the point quarter sampling method used "cosine" file. Another program, written in C and entitled 
to record species composition. A data base was created in dBASE MINNAERT CONSTANT VARIABLES, calculated the independent and 
m PLUS, and utilized in quantifying species composition. dependent variables using the cosine file created in NORMAL. 

The quantitative measure used in this study was relative Utilizing the independent and dependent variables, a linear 
density: i.e., regression program then calculated the Mnnaert constant for 

the particular band. The Minnaert constants for bands 1,2,3,4,5, 
relative density = 

individuals of species A 
x 100. and 7 were calculated in this manner, and the images were 

total individuals of all species normalized. 
~ - s a m ~ l e  area containing sample site 2 was also extracted The relative density was calculated for each species within each from bands and 7. ms 450- by 450-m area was used 1 , 1 1 1  sample site area and for each sub-transect. The results of the in to Minnaert constant values obthed the entire situ analysis indicated a predominance of Lodgepole Pine scene with those from a smaller area, and served to illustrate throughout the sample sites, except for the eastern section of the application of a locally derived Minnaert constant. To site '1 where the Percentage of Lodgepole pine was successfully derive the Minnaert constant, a range of incidence found to be less than 60 percent, due in part to Beaver Creek and edtance angles are required. crossing the site through that section. The pixel values from 

that section were excluded from further use in the study, due ANALYSIS 
to the sufficient number of values that were available from the 
western and center sections of the sample site (Figure 2). A quantitative analysis routine measured the effectiveness of 

the normalization techniques by quantifying the relationship of 
SLOPE AND ASPECT DERIVATION the sample site data befo; and-&cr norh&tion. The an&sis 

The slope and aspect maps were developed by first digitizing 
305 x (easting), y (northing), and z (elevation) points from the 
7.5-minute series 1:24,000-scale USGS quadrangle topographic 
maps. Both critical and stratified points were digitized within 
and surrounding the boundaries of the 2700m2 study area. A 
grid matrix with values every 30 m by 30 m was created using 
a kriging interpolation method, a normal search routine, and 
ten nearest points in the Golden Software program GRID. The 
elevation file was then converted into an ERDAS GIs format using 
GRDINT, a program developed at the University of Colorado. 
Slope and aspect values were derived using vector geometry 
(after Ritter, 1987). The elevation values of the four immediately 
adjacent neighbors of each grid cell were used to calculate the 
normal vector to the surface. 

Image processing for this study was conducted primarily using 
the ERDAS system on a personal computer. A seven-band Landsat 
Thematic Mapper scene acquired on 7 November 1982 was used. 
The false color composite image of bands 5,4, and 2 highlighted 
the borders and site composition between vegetation and barren 
ground effectively, and was used to extract four control points 
for rectification and resampling purposes. The derived root- 
mean-square (RMS) error was 0.57 grid cells. The coordinates 
were then rectified to correspond with those of the Universal 
Transverse Mercator projection. A nearest neighbor resampling 
procedure was chosen instead of another procedure, i.e., a 
bilinear interpolation or a cubic convolution, due to its superior 
retention of absolute spectral radiance. 

NORMALIZATION PROCEDURES 
Various ratios or indices have been used to detect vegetation 

on remotely sensed images (Tucker, 1980). A TM band 514 ratio 
was chosen to test the normalization process because it has been 
shown to be an indicator of vegetation health (Rocket al., 1986; 
Rock and Vogelrnann, 1986; Vogelmann, 1988). 

A program entitled NORMAL was written to carry out the BRCT 
normalization technique. The solar elevation at the time of the 
satellite overpass, was calculated to be 29.39", after determining 
the hour angle and the direction cosine. By soliciting the solar 
elevation and azimuth, and integrating the elevation file and a 
single band TM image, the NORMAL program normalized the TM 
image using the non-Lambertian based BRCT technique, and a 
Minnaert constant. 

To compute the Minnaert constant for a TM band, the NORMAL 

also m&sured the relationship of Bv data from different civer 
types. The first application of the analysis quantified the 
relationship of the BVS between sample sites 1, 2, and 3 for a 
given image before and after normalization. The second 
application measured the relationship of Bvs from sample sites 
1 and 2 with an array of data substituted for sample site 3 which 
consisted of pixel values representing rock outcroppings or barren 
and rocky soil. 

It was assumed that if the normalization techniques were 
successful, then the spectral response values from the three 
sample sites would become similar because the sites have the 
same vegetative cover. The effect of slope and aspect, therefore, 
would be minimized. For each image the relationship of the 
spectral responses between forested sample sites was expected 
to be significantly different from the relationship of spectral 
responses between the forested-rocky ground sample sites. 

To measure the relationship of the ~ v s  between sets of data, 
a one-way analysis of variance was used. The research hypothesis 
was that the pixel values from the data sets will be significantly 
different in all cases. The null hypothesis in the first application 
was that for each band the samples could have been drawn 
from the same population (i.e., the mean BV of sample site 1 = 
the mean Bv of sample site 2 = the mean BV of sample site 3). 
Similarly, the null hypothesis for the second application was 
that the mean BV of sample site 1 = sample site 2 = the rocky 
ground sample site. 

A statistical measure of the significance of the reduction in 
BV variance between the sample site data obtained from the 
original and the non-Lambertian normalized images, for a given 
band, was based on the test for the homogeneity of variances - 
(Zar 1984). The test was defined by 

F = mean square error between (original) - 
mean square error between (normalized) 

The demees of freedom in this case could equal 98 for both the 
numerzor and denominator. Instead, oneAquarter the usual 
number of degrees of freedom was used to represent non-adjacent 
pixel value sampling. 

From each sample site, 33 pixels were selected for analysis. 
The 33 pixels representing rocky ground were chosen from known 
areas of rock outcroppings and from areas of similarly high 
spectral response. From each single band image, 132 pixel values 
were extracted. 

F statistics were computed from both the forested sample 
sites data and the forested sample sites-rocky and barren ground 
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data, for the following images: the original bands 2,3,4, and 5; 
the ratio band 514; and the non-Lambertian normalized bands 
2,3,4, and 5. 

If the normalization techniques were successful, lower F 
statistics should result from the analysis of the forested sample 
sites data sets. Analysis of the forested sample sites-rocky ground 
data sets should result in higher F statistics, indicating a significant 
difference due to the variation in cover types. 

An F statistic testing for the homogeneity of variances between 
image sample site values was computed between the original 
and non-Lambertian normalized bands 2,3,4, and 5. Acceptance 
of the research hypothesis is an indication of a significant 
reduction in the variances between original and normalized 
images. 

RESULTS 

The Minnaert constants computed from both the entire image 
data set and the sample area are recorded in Table 1. Original 
and Minnaert constant normalized band 3,4, and 5 images are 
displayed in Figures 3a, 3b, 4a, 4b, 5a, and 5b, respectively. 
Inspection of the photographs reveal the removal of the impres- 
sion of relief, in the non-Lambertian normalized images (Fig- 
ures 3b, 4b, and 5b). Also, the areas in which the sample sites 
are located (marked by 1, 2, and 3 on the images) display a 
more consistent grey tone in the normalized images than in the 
originals. The grey shade of the area around sample site 3 in 
particular becomes more homogenous with the other sites after 
normalization. The difference in grey tone between sample site 
3 and the other two sites in the original images is due in part 
to the southeastern orientation of the site and its moderately 
steep slope angle. 

The band 4 sample area images are displayed in Figures 6a 
and 6b. The upper right corner of the images represent a south- 
western facing slope. This slope has a healthy conifer popula- 
tion, though the canopy coverage is not as dense as the opposing 
northeastern facing slope located in the lower left portion of 
the images. Beaver Creek separates the opposing slopes. In the 
original?mage (Figure 6a) the presence of the conifer population 
on the southwestern facing slope (upper right) is not detected, 
whereas the normalized iGagel~i&% 6b) reveals the existence 
of the forest. These images display the use of a locally derived 
Minnaert constant. 

The results of the one-way analyses of variance at the 95 
percent confidence interval are recorded in Table 2. The critical 
limit for these analyses when the numerator degrees of freedom 
= 2 and the denominator degrees of freedom = 96 is 
approximately 3.07. The null hypothesis was rejected in all cases. 

The F statistics testing for the homogeneity of variances 
between images for bands 2,3,4, and 5 are listed in Table 3. At 
the 95 percent confidence level the F critical limit at 24 degrees 
of freedom for both the numerator and denominator is 1.98. 
The null hypothesis was rejected in all cases. 

IMAGE MINNAERT CONSTANT 

Entire Scene Sample Area 
Band 1 0.09 0.18 
Band 2 0.19 0.32 
Band 3 0.31 0.51 
Band 4 0.43 0.32 
Band 5 0.96 1.19 
Band 7 0.14 0.13 

DISCUSSION 

The F statistic derived from the band 514 ratio image values 
using a one-way analysis of variance was lower than that ob- 
tained from the original band 5 and 4 images (Table 2). The 
topographic effect was therefore reduced on the ratio image. 
This result appears to support the belief that band ratioing does 
partialIy compensate for the topographic effect. 

The F statistic computed from the data file of mixed cover 
type values was higher than that obtained from the sample site 
data file (Table 2). Cover type variation could therefore be dis- 
tinguished on the ratio image in this example. 

Using a Minnaert constant calculated from the entire scene, 
the images normalized with a BRCT based on a non-Lambertian 
assumption showed a decrease in the F statistic derived from a 
one-way analysis of variance (Table 2). A measure of the statistical 
significance of the decrease in the F statistic, a test for the 
homogeneity of variance, indicated that the difference in F 
statistics was statistically significant. Because the vegetative cover 
was very similar in the sample sites, it is postulated that the 

(b) 
FIG. 3. Thematic Mapper band 3 image of study area. Sample 
site locations marked by 1,2, and 3: (a) original; (b) non- 
Lambertian normalized. 



TOPOGRAPHIC NORMALIZATION IN RUGGED TERRAIN 

- - 

(b) 
FIG. 4. Thematic Mapper band 4 image of study area. Sample 
site locations marked by 1,2, and 3: (a) original; (b) non-Lam- 
bertian normalized. 

effect of slope and aspect on the brightness values of the pixels 
in the study area has been significantly reduced. 

The F statistics computed from the mixed cover type data files 
showed an expected increase (Table 2), signifying that, on the 
non-Lambertian normalized images, differences in cover type 
could be distinguished. 

A comparison of the F statistics generated from the ratio image 
data and the Minnaert constant normalized data indicated 
superior results were obtained using the BRCT technique. 

The Minnaert constants derived from the sample areas varied 
from the constants derived from the entire scenes (Table 1). 
Because these Minnaert constants were derived from smaller 
data sets with a lesser yet sufficient range of incidence and 
exitance angles, they are believed to be a more accurate measure 
of the BRDF for the sample areas than the Minnaert constants 
derived from the corresponding entire scenes. 

Qualitatively assessing the sample area image normalized using 
the non-Lambertian assumption and a Minnaert constant derived 
from that area reveals an apparently realistic normalization result 
(Figure 6b). 

(b) 
FIG. 5. Thematic Mapper band 5 image of study area. Sample 
site locations marked by 1,2, and 3: (a) original; @) non-Lam- 
bertian normalized. 

CONCLUSIONS 

Previous studies have developed various aspects of topo- 
graphic normalization processes for remotely sensed data. The 
contribution of this paper is based on the development and 
testing of procedures practicable to implement which normalize 
Landsat TM imagery with a BRCT based on a non-Lambertian 
assumption and using a Minnaert constant without a priori 
knowledge of scene composition. Also, a comparison of this 
technique made with a band ratio revealed that the BRCT tech- 
nique was the superior normalizing method. Further, this paper 
suggests that, after a study area has been located on an image, 
the procedures could be utilized to process specific areas using 
a local Minnaert constant to enhance analysis capabilities. Due 
to the limited size of the study area used in this example, further 
testing using larger data sets which cover a larger geographical 
area may be useful. 
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FIG. 6. Thematic Mapper band 4 image of sample area. (a) original; 
(b) non-Lambertian normalized. 

IMAGE F STATISTIC 

Original: 
Band 2 
Band 3 
Band 4 
Band 5 

Ratio: 
Band 514 

Non-Lambertian normalized: 
Band 2 
Band 3 
Band 4 

Between Sample 
Sites 

Between Cover 
Types 

TABLE 3. RESULTS OF ANALYSIS OF HOMOGENEIW TEST BETWEEN 
ORIGINAL AND NON-LAMBERTIAN IMAGES 

IMAGE F STATISTIC 
Band 2 2.93 
Band 3 6.07 
Band 4 7.04 
Band 5 34.92 
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I apply for membership of the Photogrammetric Society as, 
Member - Annual Subscription - $30.00 (Due on application 
Junior (under 25) Member - Annual Subscription - $15.00 and thereafter on 
Corporate Member - Annual Subscription - $180.00 July 1 of each year.) 

(The first subscription of members elected after the 1st of January in any year is reduced by half.) 

I confirm my wish to further the objects and interests of the Society and to abide by the Constitution and By-Laws. I enclose 
my subscription. 

Surname, First Names ........................................................................................ 
Age next birthday (if under 25) ........................................................................................ 
Profession or Occupation ........................................................................................ 
Educational Status ........................................................................................ 
Present Employment ........................................................................................ 
Address 

........................................................................................ 
ASP Membership ........................................................................................ 

Card No. ......... ........................................................................................ 
Signature of 

Date.. ................................ Applicant .............................................................................. 
Applications for Corporate Membership, which is open to Universities, Manufacturers and Operating Companies, should be 
made by separate letter giving brief information of the Organization's interest in photogrammetry. 
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