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Abstract

By studying the statistical relationship between terrain gradi-
ent and the range of the semivariogram of simulated high-
resolution images of forest stands, we assessed the effects of
topography on estimates of tree size and density obtained
through texture measures. Three-dimensional computer mod-
els of hardwood and softwood forest stands were overlaid on
slopes of varying gradient. Using a geometrical-optical ap-
proach, one-meter-resolution images were generated in 120 se-
ries representing different combinations of forest types and
sun-terrain geometry. The range of the semivariogram of these
images was measured in four directions and its relation with
gradient was evaluated through regression. Results show that
topography affects texture mostly in sparse stands, and that
the gradient-induced absolute error in the estimates of tree
size and density is low.

Introduction
Visual texture analysis, which has traditionally been recog-
nized as an important part of the process of interpreting
large-scale photographs of the forest (Kiichler, 1967; Howard,
1970), can be automated and included in forest mapping pro-
cedures based on image processing. Many texture features,
such as coarseness, anisotropy, linearity, etc., have indeed
been adequately measured by classical computer algorithms
(Tamura et al., 1978; Haralick, 1979; Levine, 1985). The ap-
plication of these algorithms to the task of forest mapping is
however experimental, and some problems remain to be
solved before an automated mapping method based at least
in part on automated texture analysis, such as the one we
have proposed in earlier studies (St-Onge and Cavayas, 1995;
St-Onge and Cavayas, 1997), can be made operational. One
of these problems lies in the distortion of image texture
caused by topography. Indeed, the two-dimensional arrange-
ment of tree shadows, which constitute the main source of
texture on high-resolution images, is controlled by the three-
dimensional structure of forest stands. Because terrain gradi-
ent affects this structure through a change in inter-tree alti-
tude relations, image texture can theoretically be altered in
ways that could lead to errors in automated or visual estima-
tion of tree size, stand density, crown closure, and the like.
Although it is generally recognized that topography af-
fects the appearance of the forest on large-scale aerial photo-
graphs (Spurr, 1960; Avery and Burkhart, 1983), not much is
known about the quantitative relationship between terrain
gradient and forest image texture. While some parallel stud-
ies have shown the measurable influence of terrain gradient
on the bidirectional reflectance distribution function (BRDF)
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of tree canopies (e.g., Barker Schaaf et al., 1994), or on the
propagation of solar radiation through forest canopies (Row-
land and Moore, 1992), no systematic research concerning
the effects of topography on image texture has, to our knowl-
edge, been published. This situation probably arises from the
fact that a great number of remote sensing research undertak-
ings focus on forest mapping at a resolution (typically 30 m)
where topography affects spectral signatures more than it al-
ters the image spatial structure (e.g., Ekstrand, 1996). How-
ever, the advent of very-high-resolution satellite sensors, such
as QuickBird and Orbview (Hamilton, 1996), will undoubtedly
trigger the development of new texture-based mapping meth-
ods. In this context, the systematic study of the topography's
influence on texture clearly gains importance. The general
objective of our research effort was thus to show, in a quanti-
tative fashion, the influence of terrain gradient on the texture
of one-meter computer simulated panchromatic images of the
forest generated from three-dimensional models of trees over-
laid on a slope. We studied this relationship, on a stand ba-
sis, for eight different types of forest canopies and for 15
different sun-terrain configurations by varying the sun eleva-
tion and azimuth. Our goal was also to assess the feasibility
of rectifying topography-altered texture estimates by applying
correction equations developed from an empirical knowledge
of the mathematical relationships between gradient and tex-
ture, and by using a digital elevation model.

In the following sections, we briefly review progress in
forest mapping involving texture analysis and introduce a
texture measure based on the directional semivariogram. We
then describe the geometrical-optical method used to gener-
ate three-dimensional computer representations of forest
stands on sloping terrain, as well as the method used to gen-
erate the computer simulated images. A presentation of the
experimental procedure employed to reveal the influence of
topography on image texture follows. Finally, we show the
details of the experimental results for the different types of
forest stands and discuss the factors affecting the relationship
between terrain gradient and image texture.

Forest Mapping Using Texture Analysis

Texture is generally defined as being the result of the sys-
tematic or random repetition of some elementary patterns
over an area that is large in comparison to the pattern sizes
(Hawkins, 1970; Haralick, 1979), i.e., spatially structured
gray-level variations at a relatively high spatial frequency.
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This phenomenon is observed on most types of forest im-
ages, from high resolution aerial photographs to coarser im-
ages taken from various orbital platforms. It has been demon-
strated that the horizontal and vertical structure of forest
canopies determine image texture in ways that vary according
to their spatial resolution (Kiichler, 1967). In high-resolution
images, the light and dark patterns created by sun-lit crowns
and projected shadows become the dominant factor that de-
termines image texture (Howard, 1970). These patterns are
typically observed on medium-scale photographs (approxi-
mately 1:15,000) employed in forest-stand mapping, or on
aerial digital images having a resolution between 0.5 and 4
m (St-Onge et al., 1991). The size, shape, an stocking of
trees, and, more generally, the three-dimensional structure of
the canopy (Howard, 1970), determine shadow patterns, thus
allowing the assessment of canopy structure through image
texture analysis.

A wide range of computer algorithms exist that are able
to automatically derive image-texture attributes by measuring
certain statistical features of the image function. Most com-
mon texture measures are based on the co-occurrence matrix
(Haralick, 1986), the Fourier spectrum (Stromberg and Farr,
1986), auto-regressive models (Kashyap, 1986), the semiva-
riogram (Woodcock et al., 1988; Franklin et al., 1992), etc.
More recent approaches include wavelet analysis (Unser,
1995) and implementation using neural networks (Dreyer,
1993). Numerous studies have employed some type of tex-
ture measure to map forest canopies. The usual approach
consists in applying a multispectral per-pixel classification to
spectral channels combined to texture channels generated by
an automated analysis (Teillet et al., 1981; Dikshit and Roy,
1992). While this approach was shown to improve spectral
classifications of images having a resolution between one and
30 m, the gain in effectiveness were usually marginal, the in-
crease in the percentage of correctly classified pixels being in
most cases less than 10 percent (Dikshit, 1996). Because tex-
ture contents increases with resolution (Marceau et al., 1990;
Wang and He, 1990), more encouraging results were obtained
for images having a resolution of a few meters or less (Gougeon
and Wong, 1987; Vlcek et al., 1987; Atkinson and Danson,
1988; Woodcock et al., 1988; Cohen et al., 1990; St-Onge and
Cavayas, 1995), in which case texture information was often
exploited directly, i.e., without recourse to a mixed classifi-
cation involving spectral information. However, no attempt
was made in these research efforts to tackle the issue of to-
pography.

In this study, texture analysis was conducted using the
range of the semivariogram. Stemming from the field of geos-
tatistics (Matheron, 1970), the semivariogram (y) measures
the average gray-level difference between pixels (x and x +
h) separated by lag h: i.e.,

2yh) = E[f (x + h) = f(x)]*. (1)

In many remote sensing images. this difference is low at
short lags because of the high autocorrelation between neigh-
boring pixels. As the lag increases, the average difference
climbs and tends to level off past a certain inter-pixel dis-
tance, revealing the fact that, after a given range, there exists
no correlation between two pixels; therefore, augmenting the
lag does not increase the average gray-level difference. The
range is often proportional to the texture coarseness and its
directional variation reflects the anisotropy of the texture, an
indicator of the linearity and “orientedness’ of the elemen-
tary image patterns.

Our ongoing work on texture analysis aims at relating
forest structure parameters, such as crown diameter, number
of trees per hectare, etc., to the directional semivariogram
ranges by way of multiple-regression equations (St-Onge and
Cavayas, 1995; St-Onge and Cavayas, 1997). The ranges are
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first estimated by fitting a theoretical model to the experi-
mental semivariograms computed for forest-stand training
images of known crown diameter, density, and percent cover.
A multiple-regression analysis is then conducted in order to
build a prediction equation for each forest parameter based
on the training set statistics. The resulting equations can
then be applied to forest images to obtain estimates of stand
structure, and also serve as a basis for automated segmenta-
tion of forest images. We present two such equations taken
from St-Onge and Cavayas (1995) to give an overview of
their structure. We will refer to them later to demonstrate
how range distortions caused by topography translate into
absolute error in the estimates of crown diameter (CD) and
stand density (SD): i.e.,

€D = 0.62 — 0.50 a,, + 1.53a,, + 0.33 la,, — a,| (2)
In sD = 8.04 — 0.20 a,,, + 0.02 a,,,
+ 015 In la,, — a,,|—1.45 In a,, (3)

where a,,, a,,, and a,,, are the semivariogram ranges calcu-
lated respectively in the directions parallel to the sun’s azi-
muth, perpendicular to the sun’s azimuth, and in medial
direction (45 degrees from both parallel and perpendicular
directions). These equations were developed from a training
set composed of computer-simulated images of various types
of softwood stands. The estimates obtained through these
equations are typically within 20 percent of the actual values
(St-Onge and Cavayas, 1997). The resulting forest maps ob-
tained by applying a region-growing algorithm to the esti-
mates bear a high level of detail, showing homogeneous forest
patches as small as one hectare.

Data and Models

Studying the slope-texture relationships for a wide variety of
forest and illumination conditions demands a complex appa-
ratus if done by using real images and ground-truth meas-
ures. Indeed, comparable forest stands for different slope and
aspect situations must be found, measured, imaged, and geo-
referenced. Minute differences, such as gap size, between ba-
sically comparable stands, i.e., stands of similar height and
density, or variations in sun elevation, can create significant
semivariance discrepancies that would mask the effects of to-
pography. In these conditions, it is unlikely that a sufficient
number of images and ground data could be acquired and used
to generate valid statistical results, in a reasonable amount of
time. We have therefore chosen to use geometrical three-di-
mensional representations of forest stands placed on planes
of varying gradient as a means to generate computer-simu-
lated images that allow the study of topographical effects to
be made in controlled conditions. This approach has been
utilized in a variety of purposes pertaining to bidirectional
reflectance distribution function or spatial structure modeling
(Li and Strahler, 1985; Ryherd and Woodcock, 1996). We
demonstrate the degree of textural resemblance between sim-
ulated and real images later in this section.

In this study, we aimed at producing one-meter-resolu-
tion panchromatic images that imitate some of the character-
istics of the images that will be acquired from the new or-
bital platforms equipped with very-high-resolution sensors
(Space Imaging, Orbimage's Orbview, and Earthwatch’s
QuickBird; Hamilton, 1996) with a spatial resolution compa-
rable to that of medium-scale aerial photographs, a high
geometric accuracy ensured by a stable platform, and mini-
mal tree leaning associated with the near vertical viewing
angles resulting from the narrow swath width.

In our modeling approach, individual trees form the ba-
sic elements of the three-dimensional representation of each
stand. In the current study, hardwoods were modeled as an
ellipsoid on a stick (as suggested by and McKelvey (1987)
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and Koop (1989)) and softwood were given a bullet shape
that resembles that of most spruce trees: a cone-like profile at
the top of the tree changing gradually to a cylinder profile
going down, as suggested by Stiell (1962), and using the im-
plementation presented in our earlier work (St-Onge and Ca-
vayas, 1995). The shape of the trees is also defined by the
crown ratio (the percentage of total tree height occupied by
the live crown) and the width ratio (the ratio of maximum
crown radius to live crown length). To simplify the modeling
process, these proportions were kept invariable for each class
of tree models but were calibrated by in situ measures made
on live trees of the mixed forest of meridional Quebec, Can-
ada. Each three-dimensional tree was generated by calculat-
ing the tree envelope from its total height and proportions,
and the actual “planting” was done by updating each pixel
of a two-layer one-meter-resolution grid with the minimum
and maximum height values of the vertically projected tree
model. We consider this modeling strategy better suited than
simpler 2.5D schemes (a single layer matrix where the crown
must occupy the full length of the tree, as in Ryherd and
Woodcock (1996)) and more efficient than computer-inten-
sive full-vector representations, because 8400 different tree
stands were generated for this study.

The tree-size frequency distribution in a stand was gen-
erated using a Weibull distribution with a shape factor of 8.0
(B = 8.0) and a dispersion factor of 15.0 (y = 15.0). The Wei-
bull distribution was chosen because of its wide acceptance
in the literature as a good function to model tree-size class
frequencies (Hafley and Schreuder, 1977; Minor et al., 1985).
The values for parameters g and y were given to reproduce
an uneven-aged structure where the co-dominants constitute
the single class with the highest frequency, the dominants,
intermediate, and suppressed trees being fewer. Very small
trees were not included in the stand models because they
cannot be resolved in one-meter images and because they are
in most cases hidden by taller and wider trees. Tree loca-
tions were determined by using a random coordinate genera-
tor and by maintaining a minimum distance of 0.5 m
between any two tree stems.

The gradient of the terrain was created by linearly in-
creasing the virtual ground elevation from the left to the right
of each image. After tree plantation, the three-dimensional
terrain-stand models were illuminated by parallel rays simu-
lating those of the sun. The brightness of each component
(tree, understory vegetation) of the image was determined by
its nominal reflectance and the Lambertian model. Shadows
were created by projecting the tree envelopes on the ground
and other tree crowns. A full description of the image syn-
thesis procedure used here can be found in St-Onge and Ca-
vayas (1995).

Because validation using real images is made difficult by
the experimental structure, we compared real images with
their computer-simulated equivalent. Twenty plots measur-
ing approximately 20 by 20 meters were imaged by the MEIS
1 pushbroom scanner (Till et al., 1987) at an altitude of 730
m, yielding a resolution of 36 cm in eight spectral bands.
Tree position, species, height, and crown diameter were
measured for each tree of those plots. These data, in con-
junction with geometrical tree models having the appropriate
shape, were used to generate computer images of the same
resolution for the red spectral band. The following preproc-
essing steps were applied to render the images comparable:
(1) geometric correction of the MEIS Il sub-images represent-
ing the plots using bilinear resampling, and (2) low-pass fil-
tering of the simulated images using a 3- by 3-pixel average
filter to emulate the effect of the bilinear resampling and the
histogram equalization of both real and simulated images to
make their first-order statistics comparable. The semivari-
ances were then evaluated in four different directions for
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each set of images, and the degree of concordance was as-
sessed by visually comparing the variograms. Results for one
plot are shown in Figure 1. They indicate that, even if some
differences are observable in the images, the variograms
agree very closely, mostly because the patterns of lit and
shadowed canopy parts are very similar. This similarity sug-
gests that the study of texture-gradient relationships based on
simulated images would yield appropriate conclusion.

Evaluating the Effect of Slope on Texture
The interaction between the incident light and a forested sur-
face can theoretically result in a very complex reflectance
behavior when the position of the sun relative to the slope
changes. This fact has been demonstrated for the BRDF
(Barker Schaaf et al., 1994). Because we suspected that the
spatial structure changes of the image caused by varying sun-
terrain geometries would exhibit a behavior at least as com-
plex as that of the BRDF, and because many different such ge-
ometries had to be evaluated in order to establish the rela-
tionship between terrain gradient and image texture for given
forest-stand structures, we divided the experiments into dif-
ferent classes of configurations. Thus, for each forest type,
sun elevation relative to the horizon (0,) was varied from 40
to 60 degrees with ten-degree intervals (three increments)
and the angular difference between sun and gradient azi-
muths (¢,,) took values from 0 degrees to 180 degrees with
45-degree intervals (five increments). Our intent was also to
examine the gradient-texture variations for a certain number
of stand types: young open forest, young dense forest, mature
open forest, and mature dense forest, for both softwoods and
hardwoods. Thus, eight different types of stands were gener-
ated from a combination of two types of trees, two different
average tree heights (10 m and 25 m, having crown diame-
ters of 2 and 5 m, respectively) and two different densities
(500 and 1500 trees/ha). The resulting percent cover for the
four combinations of height and densities were 15 percent,
40 percent, 64 percent, and 97 percent (Tables 1 and 2).
Each image series concerned a particular combination of
forest type, sun azimuth, and sun elevation. Within each se-
ries, the terrain gradient was varied from 0 to 30 degrees us-
ing five-degree intervals (seven increments). To achieve a
good level of statistical significance without overburdening
the experimental process, ten images were generated for each
of the seven slope increments, yielding 70 image series. On
each image, the semivariogram was measured in four direc-
tions, which can be characterized either by their angular dif-
ference with the azimuth of the gradient, ¢,,, or by their
angular difference with the azimuth of the sun, ¢,,. In every
case, measures in the directions parallel (¢,,, = 0°) and per-
pendicular (¢,, = 90°) to the azimuth of the light source, and
measures parallel (¢, = 0°) and perpendicular (¢,,, = 90°) to
the maximum gradient of the terrain were made. The two
former directions normally correspond respectively to the
maximum and minimum ranges in a high-resolution image of
a forest stand. Indeed, they give an estimation of the anisot-
ropy that results from the elongation of shadows in the di-
rection away from the light source when percent cover is
low. The latter two directions were considered due to the
fact that they correspond respectively to the minimum and
maximum variations in the three-dimensional structure of
the stand due to varying gradient.

Results

The influence of terrain gradient on texture coarseness, as es-
timated by the range of the semivariogram, is reported here
by means of graphs and regression statistics. Appraisal of the
behavior of this influence was done in part by visual analy-
sis of the plots of slope versus semivariogram ranges. How-
ever, because showing these slope-texture graphs for all of
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Figure 1. Comparison of the semivariance of a real MEIS II image (b) and
equivalent computer simulated image (c) for a 20- by 20-meter plot (a)
measured in four directions relative to the sun's azimuth: parallel (d), 45
degrees (e), perpendicular (f), and 135 degrees (g).
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the 120 combinations of forest and illumination parameters
was impossible within the scope of this paper, only the most
significant curves are shown. For the same reason, the coeffi-
cient of determination (R?) and the slope of the mathematical
relationship (b) between gradient and the range of the semi-
variogram, obtained through simple linear regression of the
latter two variables, are also provided in order to summarize
the strength of the relationship for each situation (Tables 1
and 2), and were used as an additional means to evaluate the
results. Regression and statistical significance were evaluated
using the Spss software package. Finally, a sample of com-
puter-simulated stand images is shown in Figure 2 to exem-
plify the visual effect of varying terrain gradient in different
sun-terrain geometries. We first present general results and a
comparison of hardwoods and softwoods because they will
help simplify further accounts of topography-texture relation-
ships.

The influence of topography is most often weak, even
nil, but can in particular situations be relatively strong, as is
the case, for example, of a 500-trees/ha stand composed of
10-m trees (Figure 3). B* and b values reach a maximum of
0.95 and 0.09, respectively, which indicates that, in some
cases, the range of the semivariogram nearly doubles when
the terrain gradient is increased from 0 to 30 degrees (Figure
3). When the influence appears, it is often measurable over
the entire range of the gradient variation, even for low gradi-
ents (from 0 to 5 degrees). From Equations 2 and 3, and us-
ing the data appearing in Figure 3 (trees having a crown
diameter of 2 m and a density of 500 trees/ha), we can de-
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duce that, in this particular case, the increase of the range in
the direction parallel to the light source azimuth would bring
about errors of approximately 60 cm in the estimation of
crown diameter (1.5 m instead of 2.1 m, using a,,, = 4.0 at 0
degrees and a,,, = 7.8 at 30 degrees, and a,, = 1.8), and a
220-trees-per-hectare difference in density (265 instead of
485 trees/ha, using the same values for a,,, and a,,,, and a,,,
= 2.3). For both quantities, the relative error is quite high;
however, in the context of a remote sensing inventory of the
forest, the absolute error can be qualified as being rather
small. Because the magnitude of the error is far less for
higher densities (1500 trees/ha) or size (crown diameter of 5
m), as it will be demonstrated in the following lines, it ap-
pears that the absolute error in the estimation of certain
stand structure parameters remains quite low, even in the
most extreme cases,

The shape of the tree crowns is the main factor responsi-
ble for differences in the three-dimensional structures of
hardwood and softwood stands. The conical or bullet shape
of softwood crowns will let more light reach the lower parts
of the canopy on the sunlit side of trees and will allow for
longer shadows because of the openness of the top part of
the canopy. It was suspected that a difference in crown
shape would yield a difference in (1) the average variogram
values and in (2) the topography-texture relation. The results
shown in Tables 1 and 2, however, indicate that, while the
former hypothesis was found to be true, the latter is gener-
ally false. Indeed, significant relationships are in most cases
observed for the same combinations of tree size, stand den-
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Figure 2. Example of the effect of terrain gradient on im-
age texture for three different light source directions (20-
m softwood trees with a density of 500 trees/ha).

sity, and sun position. Moreover, the shapes of the curves
are approximately the same for both types of trees, even
though magnitude may vary. One typical example of this
similarity in the behavior of gradient influence appears in
Figure 4 (stands with a very low crown closure lit at grazing
angle). We first observe that the range estimates have a
smaller variance and greater maximum values (at least for
the ranges measured along the gradient) in the case of soft-
wood trees. The evolution of the curve is nonetheless similar:
a rise culminating at gradients of 10 or 15 degrees, followed
by an almost equivalent drop. Note that this kind of behavior
is rather rare and, despite the clear influence of the gradient,
is not reflected in the regression coefficients due to the non
monotonic quality of the relation. Some minor behavior dif-
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Figure 3. Case showing the strong influence of terrain

gradient when percent cover is low (10-m trees with a
density of 500 trees/ha).
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Figure 4. Comparison of the effect of terrain gradient on
the range measured along (¢,,, = 0°) and across (¢,
= 90°) the slope for softwoods (a) and hardwoods (b)
at ¢,, = 90° and 6, = 40° (10-m trees with a density of
500 trees/ha).

ferences were observed, mainly for stands with a very low
crown closure. Figure 5 exemplifies these occasional dissimi-
larities. It is easy to see that the well defined drop in the
softwood stand ranges is almost unnoticeable for the hard-
woods. The occurrences of divergence between softwood and
hardwood curve behavior are so few that we are lead to con-
clude that only minor differences exist between the effect of
slope on the ranges measured over softwood and hardwood
stand images. Some differences are also visible in Tables 1
and 2, but we can observe that the minima and maxima in
the strength of the topography-texture relationship occur for
approximately the same forest and sun-slope geometry situa-
tions. The overall similarity suggests that three-dimensional
protuberances will have roughly the same effect on texture-
gradient relationships, even if the shape of those protuber-
ances varies to a certain extent. It is also true that the geomet-
rical shapes used to model trees, i.e., ellipsoids for hardwoods
and a bullet shape for softwoods, are more similar than, say, a
sphere (isolated oak) and a cylinder (black spruce growing at
high latitudes), in which case stronger differences could be ex-
pected. Therefore, all further results will be presented without
reference to one or the other type of tree.

Tree size and stand density together produce the most
sensible effect on the slope-texture relationship. In light of
the results, it is suspected that crown closure alone deter-
mines the effects of terrain gradient increase on the semiva-
riogram range. We see from Tables 1 and 2 that almost all
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Figure 5. Comparison of the effect of terrain gradient on
the range measured along (¢,, = 0°) and across (¢,,, =
90°) the slope for softwoods (a) and hardwoods (b) at ¢.,
= 0° and #, = 50° (10-m trees with a density of 500
trees/ha).

strong relationships are observed for stands having a percent
cover of 15 percent (10-m trees with a 500-trees/ha density).
Figure 6a shows the sharp increase of the range associated
with gradient augmentation. In contrast, Figures 6b, 6¢, and
6d indicate that this relationship fades when crown closure
increases (40 percent, 64 percent, and 97 percent, respec-
tively). We believe that the manner in which the tree shad-
ows are projected determines this relationship. This matter
will later be discussed in detail.

The influence of sun azimuth appears to be the domi-
nant feature among a series of same tree size and density,
while sun elevation modifies this strength in a complex fash-
ion. When the sun faces the slope, the increase in terrain
gradient brings about a drop in the semivariogram range val-
ues that actually translates into a diminution of texture
coarseness (Figure 7a). However, this relationship is inverted
when the sun is on the opposite side (Figure 7e). Intermedi-
ate azimuthal position shows either a transitional absence of
the influence of gradient (Figure 7b) or a weaker positive in-
fluence (Figures 7c and 7d). Note that the direction in which
the maximum influence is observed may change: it is gener-
ally measured in the direction parallel to the terrain gradient
but may occasionally occur at oblique angles (with respect to
the direction of the terrain gradient). The behavior associated
with varying the sun elevation from 40 to 60 degrees is itself
variable. The strongest relations of a series with constant for-
est and azimuth conditions are observed for either the low,
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medium, or high sun elevation, depending apparently on the
sun azimuth.

One noticeable constant is the almost perfect absence of
a relationship between the slope and texture coarseness when
the semivariogram is measured perpendicularly to the gradi-
ent. This phenomenon is observable in every situation. It is
evident in Figures 3 and 7e where ranges measured in the
direction parallel to the gradient nearly double while the
ranges measured in the other direction remain constant. This
stability would undoubtedly help in an eventual correction
method.

Discussion

Results generally show that a strong influence of terrain gra-
dient is observable in cases where percent cover is low. This
leads us to believe that topographic effects essentially de-
pend on the projection of shadows on the ground. Figure 8
shows the appearance of trees and shadows for a very simple
situation (trees are aligned) and for the extreme gradients
used in this study (0 and 30 degrees). We see in Figures 8a
and 8b that, when trees are separated by a relatively long dis-
tance, the influence of gradient is very apparent: shadows be-
come shorter (if the sun is facing the slope), thus affecting the
structure of the alternance of light and dark patterns. How-
ever, when trees are close to each other, as in Figures 8c and
8d, the effect of gradient is very subtle, for the projected shad-
ows fall essentially on other trees.

The variation of the topography-texture relation observed
for different sun azimuths is due to the changes in shadow
length. When the sun is facing the slope, the increase of gra-
dient causes a decrease in shadow length that determines a
drop in texture coarseness and, thus, in the range of the se-
mivariogram measured in the direction of the gradient and
the incident light. Inversely, when the sun is positioned on
the opposite side, the increase in gradient is followed by an
elongation of the shadows, and a range increase. The nearly
complete absence of variation of the ranges measured in the
direction perpendicular to the gradient is explained by the
fact that the inter-tree height relations are not affected by
gradient augmentation in that particular direction.

We have demonstrated in this study that the slope of the
terrain underlying the canopy can have, at least in some in-
stances, a very strong effect on the ranges and that estimates
of the forest structure can thus be affected by topography.
Correcting the effect of gradient, in real situations, so that re-
liable estimates of stand parameters can be obtained through
image processing appears feasible for the following reasons:

® sun position at the moment of image acquisition and the gra-
dient and azimuth of gradient can be obtained through tables
and from a digital elevation model;

® cases where a correction may be needed — stands with low
percent cover — can be identified by their strong range ani-
sotropy and/or by the uncorrected estimates that clearly indi-
cate the presence of a sparse stand (using Equation 3, for
example), even if error affect these estimates:

® the mathematical relation between gradient and the range of
the semivariogram, being in most cases linear, can be easily
modeled;

® the shape of the trees, on which may depend the exact cali-
bration of the correction model, can be derived by classical
means through a classification of softwood and hardwood;
and

® there is always a known direction of reference in which the
range is invariable.

In spite of the relatively high number of different combi-
nations of stand characteristics and sun-terrain configurations
analyzed, there remains a certain number of situations, and
potentially important factors, not considered in this study
that would need special attention to reach a more thorough
understanding of topography-texture relationships. First, the
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presence of concavities, convexities, or sharp drops in the
profile of the terrain, for example, could have a particular ef-
fect on local texture coarseness because of the specific three-
dimensional configuration of the canopy associated with
these situations. Second. the very particular cases of crests or
hill tops should also be studied. However, it appears reason-
able to assume that these circumstances have in most cases
only a very local impact on texture and do not bring impor-
tant limitations to our conclusions. Indeed, mild curvatures
can be modeled by a series of flat grading segments, for
which we can apply the knowledge developed in this study.
Because high terrain curvatures can only be local, an even-
tual gradient-corrected forest structure mapping method
could skip these curved areas and interpolate values to fill
the resulting gaps. Third, image texture could be influenced
by understory structures in the case of open canopies, thus
complicating the effect of topography. We believe, however,
that because understory structures are composed of smaller
trees or bushes having a diameter close to the one-meter res-
olution used in this study, their influence on the semivario-
gram would be felt at the level of the nugget effect, i.e., the
magnitude of the semivariance corresponding to the first h
increment, and would not for this reason affect the ranges.
Finally, we must consider the fact that results were obtained
using computer-simulated images generated using models for
tree shape, stand structure, and light propagation. While
these images were shown to recreate realistic textures, some
precaution must accompany the use of the results because
items such as forest gaps, complex vertical stratification, spe-
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cific spatial tree distributions, or spectral band differences
are not considered in our stand modeling approach, which is
however one of the most efficient means to reach any statisti-
cally significant results on the issue of topographic effects.

Conclusions

The influence of terrain gradient on the texture measured by
the semivariogram on high-resolution computer-simulated
images of forest stands was evaluated by varying the gradient
of forest-covered slopes from 0 to 30 degrees for different for-
est types and illumination geometry recreated by computer
modeling. For hardwoods or softwoods, this influence was
found to be significant only in a few situations: it was indeed
most noticeable for opened forest canopies, especially when
the sun was in line with the azimuth of the gradient (facing
or at the back of the slope). However, even in extreme cases,
the estimated values of tree size and density were not dra-
matically altered. It also appeared that there is, for every
stand-illumination combination, a direction in which the
texture measure is not affected. Despite limitations in the
modeling procedure, we conclude that topographic effects on
the texture of one-meter-resolution images are minor and the-
oretically correctable, and that they don’t constitute a major
obstacle to precise mapping of the structure of the forest by
automated processing of high resolution images.
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